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 The septins, a family of GTP-binding and filament-forming proteins which are 
evolutionarily conserved from yeast to human, are implicated in diverse cellular 
processes.  In both Saccharomyces cerevisiae and Candida albicans, the 
organization and dynamics of septins are regulated in a cell-cycle dependent manner.   
However, the mechanisms underlying this regulation are poorly understood.  The 
human pathogenic fungus C. albicans is able to grow in at least three distinct 
morphological forms, the yeast, pseudohyphae and hyphae.  The transition between 
the different morphologies involves direct regulation of the septins.  This process 
requires the septin-associated kinase Gin4.  In this study, using C. albicans as a 
model, we discover that Gin4 plays important roles in regulating the septins through 
different domains at different stages of the cell cycle.  Our studies demonstrated that 
the nonkinase C-terminal region of Gin4 is crucially required for septin assembly 
before bud emergence; while its N-terminal kinase domain is activated upon entry 
into mitosis, to regulate septin ring dynamics. We went on to show that the cyclin-
dependent kinase Cdc28 mediates activation of Gin4 kinase in regulating septin ring 
dynamics.  Our studies provide clues to the mechanisms of cell-cycle dependent 
regulation of the septins.  Unexpectedly, we uncover a region in Gin4 (Nucleolus-
associating domain: NAD), located at close proximity to the consensus CDK sites, 
with novel nucleolus localization and with function independent of septin assembly, 
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1.1 The human fungal pathogen Candida albicans (C. albicans)  
 Fungal infections affect hundreds of millions of people worldwide, contributing 
substantially to human morbidity and mortality (Brown et al., 2012). The majority of 
fungal infections in humans are caused by several species belonging to the genus 
Candida, among which the opportunistic pathogen C. albicans is the most prevalent. 
While it is a member of the normal microflora in humans, commonly found in the 
gastrointestinal and genitourinary tracts, it is also responsible for a wide range of 
diseases, ranging from infections of the skin and various mucosal surfaces to 
invasive growth in internal organs. About 75% of women encounter at least one 
episode of vulvovaginal candidiasis in their lifetime (Sobel, 1997).  Life-threatening 
systemic infections often occur in immuno-compromised individuals, such as patients 
undergoing immunosuppressive chemotherapies or HIV patients (Kao et al., 1999).  
In such cases, C. albicans disseminates via the blood stream and can colonize 
virtually all internal organs, leading to high mortality rates. C. albicans is polymorphic, 
being able to grow in at least three distinct morphological forms: yeast, 
pseudohyphae and hyphae (Fig. 1.1) (Sudbery et al., 2004); with all these forms 
commonly found in the sites of infection in the host (Romani et al., 2003).  The ability 
to transit between the different morphological states is an important virulence 
strategy (Gow et al., 2012; Sudbery, 2011). Mutant strains that can only grow in the 
yeast or the hyphal form are avirulent (Jacobsen et al., 2012; Lo et al., 1997; Mitchell, 
1998).  Examples of such mutants include: the constitutively filamentous nrg1∆/∆ 
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and tup1∆/∆ mutants, and the efg1∆/∆ cph1∆/∆ and hgc1∆/∆ mutants which are 
unable to form hyphae (Lo et al., 1997; Murad et al., 2001; Zheng et al., 2004).  A 
variety of environmental cues signal the yeast-to-hyphal transition (Table 1.1).  
Normally, C. albicans grows in the yeast form at 30°C and at acidic pH, whereas 
temperatures around 37°C, neutral pH, the presence of serum, high CO2 content, N-
acetylglucosamine (GlcNAc) and peptidoglycan favor hyphal growth (Sudbery et al., 
2004; Xu et al., 2008).  Pseudohyphae are thought to be an intermediate state 
between the yeast and hyphal forms, and can be induced by growth at 35°C, pH 5.0 
and in the presence of high phosphate concentrations. The transition from yeast to 
hyphae starts with the formation of a germ tube, followed by the maintenance of 
continuous polarized growth and inhibition of cell separation after cytokinesis, 
leading to the formation of highly elongated hyphae (Gow et al., 2012; Sudbery, 
2011).  In response to external environmental cues, signal transduction pathways 
such as the mitogen-activated protein kinase (MAPK) pathway and the cyclic 
adenosine monophosphate-dependent protein kinase A (cAMP-PKA) pathway elicit 
yeast-to-hyphal morphogenesis (Liu, 2001; Shapiro et al., 2011; Whiteway, 2000).  
The small GTPase Ras1 is thought to act upstream of both the MAPK pathway and 
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Table 1.1 The effects of environmental conditions on the morphogical forms in 
C. albicans. 
 
Factors such as temperature, pH and the addition of serum affect the formation of 





Reused with permission from (Sudbery, 2011); License no. 3292300642056 
 
Fig. 1.1 Morphology of yeast, hyphae and pseudohyphae in C. albicans.   
 





1.2 C. albicans morphogenesis – Transcriptional regulation pathways 
1.2.1 Mitogen-activated protein kinase (MAPK) pathway 
The MAPK pathway consists of a series of phosphorylation events from a 
MAPK kinase kinase (MAPKKK) to a MAPK kinase (MAPKK) and then to a MAPK, 
which eventually leads to the activation of transcription factors.  The MAPK signaling 
cascade is conserved from yeast to human (Correia et al., 2010; Fanger, 1999; 
Widmann et al., 1999).  There are five MAPKs in S. cerevisiae Kss1, Hog1, Slt2, 
Fus3 and Smk1 (Widmann et al., 1999), with pseudohyphal growth involving the 
MAPK Kss1 (Lee and Elion, 1999).  In C. albicans, the MAPK pathway that activates 
filamentous growth consists of the MAPKKK Ste11, the MAPKK Hst7 and the MAPK 
Cek1 (Fig. 1.2a). This pathway is activated by the Ste20/p65PAK family protein 
kinase Cst20, leading to the activation of the Cph1 transcription factor (Csank et al, 
1998; and Whiteway et al, 1992).  cph1Δ/Δ mutants are unable to support 
filamentous growth on solid medium, but their ability to form true hyphae is not 
affected in response to serum (Liu et al., 1994).  In addition to filamentous growth, 
the Cek1 MAPK pathway is also involved in the control of mating and cell wall 
construction (Chen et al., 2002; Csank et al., 1998; Eisman et al., 2006). The 
phosphatase Cpp1 and another MAPK Hog1 negatively regulate this signaling 
pathway (Csank et al., 1997; Eisman et al., 2006).  The cpp1∆/∆ and hog1Δ/Δ 
mutants grow as highly filamentous cells (Alonso-Monge et al., 1999; Csank et al., 
1997).   
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1.2.2 cAMP-PKA pathway 
 Serum is a strong inducer of hyphal growth in C. albicans.  Upon serum 
induction, the small GTPase Ras1 is activated which in turn stimulates the 
production of cAMP (Fig. 1.2b) (Feng et al., 1999; Leberer et al., 2001).  cAMP 
synthesis is catalyzed by the adenylyl cyclase Cyr1, which converts ATP to cAMP 
(Rocha et al., 2001).  Upon activation, GTP-bound Ras1 directly binds to the Ras-
association (RA) domain of Cyr1 to stimulate cAMP production. Inhibition of this 
interaction through deletion of the RA domain of Cyr1 abolishes hyphal growth 
response to serum (Fang and Wang, 2006).  In addition to Ras1, the cyclase-
associated protein 1 (Cap1; also known as Srv2) is also required for Cyr1-stimulated 
cAMP production.  The srv2Δ/Δ mutant is completely defective in hyphal growth 
(Bahn and Sundstrom, 2001).  Cyr1 activation leads to a sharp increase in cAMP 
levels, which in turn activates the PKA pathway.  PKA consists of regulatory subunits 
and catalytic subunits; cAMP binds to the regulatory subunit and induces a 
conformational change, which releases the active catalytic subunit, leading to the 
activation of downstream effectors by phosphorylation (Glass and Krebs, 1980). The 
C. albicans PKA consists of the regulatory subunit Bcy1, and the catalytic subunit 
Tpk1 or Tpk2 (Bockmühl et al., 2001; Cassola et al., 2004; Sonneborn et al., 2000).  
Stimulation of the cAMP-PKA signaling cascade results in activation of the 
transcription factor Efg1.  The efg1∆/∆ mutant is unable to form hyphae under most 
hyphal-inducing conditions, due to a failure to activate the expression of hypha-
specific genes (HSGs).  Microarray analyses showed that the transcription factor 
Efg1 upregulates the expression of numerous hyphal-specific genes, and down-
regulates some yeast-specific genes upon serum induction (Lane et al., 2001; Sohn 
et al., 2003).  cAMP signaling is counteracted by phosphodiesterases, which 
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hydrolyze cAMP.  Pde1 and Pde2 are the two phosphodiesterases in C. albicans.  In 
pde2Δ/Δ mutants, the basal level of cellular cAMP is higher than in wild-type cells; 
moreover, deletion of PDE2 restores the production of cAMP in cap1Δ/Δ mutants, 
indicating that Pde2 has a negative effect on cAMP production (Bahn et al, 2003).  
The cAMP-PKA pathway works in parallel with the MAPK pathway through the 
activation of the transcription factors Efg1 and Cph1 respectively. The efg1∆/∆ 
cph1∆/∆ mutant is completely defective in hyphal growth under all inducing 














Fig. 1.2 Candida albicans morphogenesis pathways. 
(a) Mitogen-activated protein kinase (MAPK) Cek1 signaling in C. albicans.   
The MAPK signaling pathway is activated by the small GTPase Cst20, which then acts 
on MAPKKK Ste11, followed by the MAPKK Hst7, the MAPK Cek1 and eventually the 
transcription factor Cph1. 
 
(b) cAMP-dependent protein kinase A (cAMP-PKA) signaling in C. albicans. 
Serum stimulates the activation of Ras1, which binds to the Ras Activating (RA) domain 
of Cyr1.  Signal transduction from Ras1 to Cyr1 requires the adenylyl cyclase-associated 
protein (Srv2).  Ras1 association with Cyr1 promotes cAMP production and the local 
increase in cAMP levels activates PKA.  PKA consists of two catalytic domains, Tpk1 
and Tpk2; as well as one regulatory domain Bcy1.  The eventual outcome of the cAMP-






1.3 C. albicans morphogenesis – Post-translational regulation pathway 
In addition to the transcriptional MAPK and cAMP-PKA pathways, the septins, 
a family of GTP-binding and filament-forming proteins, are crucial in C.albicans 
morphogenesis as well (Gonzalez-Novo et al., 2006; Gonzalez-Novo et al., 2008; 
Sinha et al., 2007; Warenda and Konopka, 2002; Warenda et al., 2003).  A post-
translational pathway involving the phosphorylation of the septin Cdc11 by the 
septin-associated kinase Gin4 and the cyclin –dependent kinase (CDK) Ccn1-Cdc28 
(Fig. 1.3b) has been proposed to function in the initiation of hyphal morphogenesis 
(Sinha et al., 2007), while the transcriptional pathways function in the maintenance of 
hyphal growth (Fig. 1.3a) (Sinha et al., 2007).  However, the regulation of this 
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Fig. 1.3 Models for the regulation pathways of C. albicans hyphal growth. 
 
(a) Establishment of C. albicans hyphal growth is mediated by the post-translational 
regulation pathway, while maintenance of hyphal growth is regulated by the 
transcriptional pathways. 
 
(b) The roles of Gin4, Ccn1 and Hgc1 in the regulation of Cdc11 in the initiation of 
hyphal growth.  Gin4 phosphorylation of Cdc11 on S395 primes Cdc11 for further 
phosphorylation by Cdc28-Ccn1on S394, and together the phosphorylation events 







1.3.1 Septins – a family of GTP-binding and filament-forming proteins 
First discovered in S. cerevisiae, the septins are a family of GTP-binding 
proteins known for their roles in cytokinesis (Hartwell, 1971; Hartwell et al., 1974).  
Later, they were found to be highly conserved among eukaryotes, with genes coding 
for septins being found in yeast, fly as well as human genomes (Longtine et al., 1998; 
Oh and Bi, 2011; Pan et al., 2007).  In S. cerevisiae, septins are implicated in diverse 
processes such as bud site selection, cell morphology, spindle pole orientation, and 
cytokinesis (Gladfelter et al., 2001; Longtine and Bi, 2003; McMurray and Thorner, 
2009; Weirich et al., 2008).  All septins share a variable N-terminal region, a 
phospholipid binding region, a conserved GTP-binding domain; and, in most septins, 
there is also a predicted coiled-coil region at the C-terminal end (Mostowy and 
Cossart, 2012; Trimble, 1999).  There are seven septins in S. cerevisiae; five are 
involved in mitosis and cytokinesis (Cdc3, Cdc10, Cdc11, Cdc12 and Shs1/Sep7), 
and two are sporulation-specific septins (Spr3 and Spr28) (De Virgilio et al., 1996; 
Fares et al., 1996; Longtine et al., 1996; Oh and Bi, 2011; Wittenberg and Reed, 
1988).  Interactions between the different domains among the septins enable them to 
assemble into hetero-oligomeric complexes and structures (Bertin et al., 2008).  
Septins GTPase activity could be important for septin-septin interactions or 
interactions with other septin-associating proteins (Mendoza et al., 2002).  The 
septins are able to polymerize to form filaments, which can further assemble into 
different higher-order structures depending on the stage of the cell cycle (Longtine 
and Bi, 2003; Versele and Thorner, 2004).  The septins can interact with the cell 
membrane and the actin cytoskeleton as well as with microtubules. They are thought 
to function either as a scaffold to recruit proteins to a particular cellular site or to act 
as a diffusion barrier to restrict movement of molecules between the mother and 
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daughter cells (Longtine and Bi, 2003; Mostowy and Cossart, 2012; Oh and Bi, 2011; 
Weirich et al., 2008).  
The ‘scaffold’ model postulates that the septin ring resides at the bud neck to 
recruit other proteins required for cell-cycle progression (Longtine and Bi, 2003).  In 
S. cerevisiae, cytokinesis is a concerted effort by the contraction of the actomyosin 
ring (AMR) and the formation of the primary septum which involves the chitin 
synthase II complex. The septin ring is required to localize Myo1, a class II myosin 
heavy chain and part of the AMR, to the bud neck for this cleavage apparatus to 
form and cytokinesis to take place (Bi et al., 1998).  The ‘diffusion’ barrier model 
suggests that the septin ring at the bud neck prevents polarity proteins and other 
transmembrane proteins to pass between the mother and daughter cell, maintaining 
the mother-daughter polarization. The septin ring plays a role in the exclusive 
localization of the putative Tem1 GEF Lte1 in the daughter cell (Castillon et al., 
2003), while the Nim1-related kinase Hsl1 and its adapter Hsl7 are localized 
exclusively to the daughter-side of the septin ring (Shulewitz et al., 1999). 
The septins are important in directing cell polarity from the beginning of the 
cell cycle (Bi and Park, 2012; Howell and Lew, 2012). The septins first assemble into 
a dynamic septin ring at the incipient bud site sometime before the bud emerges 
(Gladfelter et al., 2001; Longtine and Bi, 2003). As cell cycle progresses, the septin 
ring forms a hourglass-shaped structure at the bud neck, which acts as a diffusion 
barrier to restrict the movement of molecules across the bud neck, so as to maintain 
an asymmetrical distribution of molecules in the mother and daughter cells.  At the 
time of cytokinesis, the collar at the bud neck splits into two rings, and the rings 
separate, resulting in the mother and daughter cells each having a ring.  Splitting of 
the hourglass collar is triggered by the mitotic exit network (MEN) (Cid et al., 2001; 
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Lippincott et al., 2001).  After the completion of cytokinesis, the septin rings 
disassemble and will assemble again at the next presumptive bud site (Longtine and 
Bi, 2003; Longtine et al., 1996; Oh and Bi, 2011).   
The septins are able to assemble into different structures in a cell-cycle 
dependent manner.  The GTPase Cdc42-mediated assembly of the septin ring at the 
incipient bud is a three-step process (Fig. 1.6c) (Iwase et al., 2006; Oh and Bi, 2011; 
Park and Bi, 2007).  Firstly, septins are recruited to the plasma membrane to 
increase local concentration at the incipient bud site for filament and ring assembly, 
the recruited septins first localized as a disorganized and diffused septin cap.  Septin 
recruitment to the incipient bud site is dependent on Cdc42 and partly dependent on 
the Cdc42 effectors proteins Gic1 and Gic2, these proteins are able to interact with 
both Cdc42 and the septins (Brown et al., 1997; Burbelo et al., 1995; Chen et al., 
1997; Cid et al., 2001; Iwase et al., 2006).  The second step involves the 
transformation of the septin cap into an organized ring, this requires the GTPase 
activity of Cdc42 to cycle between GTP- and GDP-bound state and also, the Cdc42 
GAPs as well as the Cdc42 effector the p21-activated kinase (PAK) Cla4 (Caviston 
et al., 2003; Gladfelter et al., 2002; Kadota et al., 2004; Smith et al., 2002; Versele 
and Thorner, 2004).  The third step is the maturation of the septin ring into an 
hourglass-shaped collar which resides at the bud-neck throughout most of the cell-
cycle.  It has been proposed that this process involves phosphorylation by the septin-
associated kinases Elm1 and Gin4 and requires the septin-associated proteins Nap1 
and Bni5, since cells lacking any of these proteins failed to assemble into the 
hourglass-shaped collar (Altman and Kellogg, 1997; Asano et al., 2006; Bouquin et 
al., 2000; Lee et al., 2002).  The mechanisms for the transition of the septin ring to 
the hourglass collar are not well understood. Post-translational modifications such as 
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phosphorylation, sumoylation and acetylation have been reported to aid in septin 
assembly and polymerization to form complexes (Hernandez-Rodriguez and 
Momany, 2012; McMurray and Thorner, 2009).  Among the post-translational 
modifications of septins, phosphorylation is the best studied. Septin phosphorylation 
has been shown to directly affect septins dynamics in S. cerevisae and C. albicans 
(Dobbelaere et al., 2003; Gonzalez-Novo et al., 2008; Li et al., 2012; Tang and Reed, 
2002). Several proteins are postulated to regulate the septin dynamics, including 
Nap1, Cla4, Gin4 and Cdc28 (Asano et al., 2006; Barral et al., 1999; Carroll et al., 
1998; Longtine et al., 1998; Mortensen et al., 2002; Sinha et al., 2007; Tjandra et al., 
1998).  Since septins are highly conserved in fungi and animals and are known to be 
actively involved in several cellular processes, studies on proteins which regulate the 
septins will be of important biological value. 
1.3.2 Septins in C. albicans morphogenesis 
 Elongated bud growth in S. cerevisiae, which resembles C. albicans 
pseudohyphal growth, is brought about by the morphogenesis checkpoint in which 
the septins play a crucial role (Lew, 2000; Lew, 2003).  Furthermore, the septins are 
involved in organizing polarity mechanisms during polarized growth, indicating that 
the septins could be involved in the prolonged polarized growth of the C. albicans 
hyphae. Indeed, septins have been shown to play an important role in C. albicans 
morphogenesis (Asano et al., 2006; Gale et al., 1996; Gale et al., 2001; Sinha et al., 
2007; Sudbery, 2001; Sudbery et al., 2004; Warenda and Konopka, 2002). 
 Homologues of all seven septins in S. cerevisiae are found in C. albicans, 
namely Cdc3, Cdc10, Cdc12, Cdc11, Sep7, Spr3 and Spr28.  Although the 
sporulation septins Spr3 and Spr28 shared relatively less similarity to their S. 
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cerevisae counterparts, at <33%, C. albicans Cdc3, Cdc10, Cdc12 and Cdc11 
display sequence identities from 48% to 69% to S. cerevisiae septins (Warenda & 
Konopka, 2002).  Deletion analysis showed that CDC3 and CDC12 are essential in 
both S. cerevisiae and C. albicans, while cdc10Δ/Δ and cdc11Δ/Δ mutants of C. 
albicans are viable but display strong phenotypic defects, particularly in cell 
separation. Deletion of Spr3, Spr28 and Sep7 does not visibly affect the cell 
morphology.  cdc10Δ/Δ cells exhibit elongated bud growth with cell separation 
defects at 37°C and 42°C, while cdc11Δ/Δ cells display observable phenotypes at all 
temperatures with the cells forming clusters due to cell separation defects (Warenda 
& Konopka, 2002). However, unlike in S. cerevisiae whereby the deletion of one 
septin often leads to aberrant septin organization and localization (Field and Kellogg, 
1999), C. albicans is able to tolerate defects in septins better, such that GFP-Cdc3 
and GFP-Cdc12 are both detected as a ring at the bud neck in cdc10Δ/Δ and 
cdc11Δ/Δ cells at 30°C and 37°C, albeit the septin ring becomes unstable as the 
temperature rises to 42° (Warenda and Konopka, 2002).  Despite the seemingly 
milder defects in septin organization and morphogenesis, cdc10Δ/Δ and cdc11Δ/Δ 
cells display less filamentous growth and less invasive agar penetration.  Also, these 
mutants fail to extensively invade kidney tissues during systemic murine infection 
(Warenda and Konopka, 2002; Warenda et al., 2003).  
 During C. albicans yeast and pseudohyphal growth, the septin ring localizes 
at the bud neck, and mitosis take places across the septin ring. In yeast cells, upon 
cytokinesis, the septin ring splits and cell separation takes place; while in 
pseudohyphal cells, septin ring splitting occurs but there is no cell separation after 
cytokinesis, and thus the mother and daughter cells remain attached.  Septin 
organization and localization in C. albicans yeast and pseudohyphal cells resemble 
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that in S. cerevisiae yeast cells (Fig. 1.3.1).  During hyphal growth, the septins first 
localize as a diffuse bands at the base of the germ tube and a cap at the hyphal tip; 
as hyphal growth proceeds, the septin basal bands and tip cap disassemble, with a 
prominent septin ring being formed in the germ tube (Sudbery, 2001). Nuclear 
division and mitosis then occurs within the germ tube. Although mitosis takes place 
across the plane of the septin ring, the septin rings are not necessary for nuclear 
migration or mitosis (Sudbery et al., 2004; Wightman et al., 2004).  Upon completion 
of mitosis the septin ring split into two rings, however  unlike in the yeast cells, the 
septin ring in the subapical compartment do not disassemble during hyphal growth 
(Sudbery, 2001; Sudbery et al., 2004; Warenda and Konopka, 2002), leading to 
hyphae with multiple septin rings.  Organization and localization of the septin ring to 
the bud neck is not visibly different in yeast and pseudohyphal cells, but there could 
be subtle intrinsic differences in the septin rings that are not reflected in their 
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Fig. 1.3.2 Septin localization in C. albicans yeast, pseudohyphae and hyphae. 
 
C. albicans can exist in the yeast, pseudohyphae and hyphae forms.  Yeast cells are ovoid 
in shape and separate readily upon cytokinesis.  Pseudohyphae cells resemble elongated 
yeast cells, which remain attached to one another at the constricted septation site (Blue 
arrows).  Hyphae cells are long and highly polarized with parallel sides and no distinct 
constrictions between the cells.  Actin is always localized at the tip of the growing buds or 
hypha (Red arrows).  Differences between the three cells types include the degree of 
polarized growth, the positioning of the septin ring (Green) and of the true septum relative 
to the mother cell, the migration of the nucleus (Blue line) relative to the mother cell and 






1.3.3 Septin phosphorylation and dynamics 
Direct phosphorylation on septins has been shown as the cue for yeast-to-
hyphal transition in C. albicans. The protein kinase Gin4 directly phosphorylates 
Cdc11 at Ser395 to prime it for further phosphorylation by Cdc28/Ccn1 kinase at 
Ser394, and blocking phosphorylation on these residues results in abnormal hyphal 
growth (Sinha et al., 2007).  Also, despite previous deletion analysis showing that 
sep7Δ/Δ mutants do not display any observable phenotypic defects in yeast growth 
conditions (Warenda and Konopka, 2002), Sep7 is required for converting the septin 
ring to a hyphal-specific state, which prevents the localization of the phosphatase 
Cdc14 to the septum and inhibits cell separation in hyphal cells (Gonzalez-Novo et 
al., 2008). The aforementioned studies show intrinsic differences between the septin 
structures in the different morphological states, i.e. yeast, pseudohyphae and 
hyphae, and that there are septin fine-tuning mechanisms in C. albicans, which may 
not be present in S. cerevisiae, to regulate these subtle differences. 
 Post-translational modifications regulate septin organization and septin 
dynamics (Hernandez-Rodriguez and Momany, 2012; Oh and Bi, 2011).  During the 
yeast cell cycle, the septin ring is able to assume two states: the fluid or dynamic 
state, that exists before bud emergence, during septin ring splitting and after cell 
division, and the frozen or hourglass state during the rest of the cell cycle 
(Dobbelaere et al., 2003; Gonzalez-Novo et al., 2008). Gin4 is a septin regulator 
(Longtine et al., 1998).  In the cdc12-6 mutant, gin4Δ is synthetically lethal 
(Dobbelaere et al., 2003).  cdc12-6 was a temperature-sensitive allele of CDC12, 
and at the restrictive temperature leads to the disassembly of the septin ring.  
Without the action of Gin4 phosphorylation on the septin ring, cdc12-6 defects are 
exacerbated, indicating that Gin4 acts to stabilize the septin ring (Dobbelaere et al., 
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2003).  Indeed, in gin4Δ cells, septin ring fluidity was observed in large budded cells, 
when otherwise the septin ring should be in the ‘frozen’ state.  The same was also 
observed in a cla4Δ mutant.  Furthermore, in the same study, it was shown that Gin4 
and Cla4 act to stabilize the septin ring, while the Rts1, the regulatory subunit of the 
PP2A phosphatase, acts to induce fluidity of the septin ring (Dobbelaere et al., 2003).  
Therefore, phosphorylation and dephosphorylation of the septin ring is important for 
its dynamics and functional states, and the septin-associated kinases confer these 




1.4 The septin-associated kinase Gin4 
 In S. cerevisiae, morphogenesis is coordinated with cell cycle progression, 
and this process is monitored by the morphogenesis checkpoint, which arrests the 
cell at G2 and results in mitotic delay (See section 1.6.1) (Lew, 2003; Lew and Reed, 
1995; McMillan et al., 1998; McMillan et al., 1999a).  The S. cerevisiae 
morphogenesis checkpoint involves the regulated degradation of the 
serine/threonine kinase Swe1, a homologue of Schizosaccharomyces pombe Wee1.  
The septin ring at the bud neck acts as a spatial cue for this surveillance process.  
During normal cell cycle progression, Swe1 is degraded in a cell cycle regulated 
manner and requires prior phosphorylation.  In S. pombe, the Nim1/Cdr1 kinase 
inactivates Wee1 by phosphorylating it at its C-terminus (Coleman et al., 1993).  
There are three Nim1-related kinases in S. cerevisiae Hsl1, Gin4 and Kcc4.  
Although hsl1∆ gin4∆ kcc4∆ mutant exhibited mitotic delay (Barral et al., 1999), only 
Hsl1 is found to regulate Swe1 (King et al., 2012; King et al., 2013).  However, all 
three Nim1-related kinases are found to colocalize to the septin ring at the bud neck 
(Barral et al., 1999; Okuzaki and Nojima, 2001; Okuzaki et al., 2003; Shulewitz et al., 
1999).  Among the Nim1-related kinases, Gin4 has been of particular interest for its 
regulation and phosphorylation of the septins; and is sometimes termed the septin-
associated kinase. 
Being a major regulator of the septins, Gin4 and the septin ring colocalize 
through most of the cell cycle (Longtine et al., 1998; Okuzaki et al., 1997).  Both 
Gin4 and the septins assemble into a ring at the presumptive bud site before bud 
emergence, and remain as a ring at the bud neck throughout bud growth.  Unlike the 
septin ring, the Gin4 ring disappears from the neck at approximately the time of cell 
division, while the septin ring splits into two (Kozubowski et al., 2005; Li et al., 2012). 
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On the other hand, the septins are also required for the activation of the Gin4 kinase 
(Carroll et al., 1998; Mortensen et al., 2002).  Gin4 is activated during mitosis by 
undergoing hyperphosphorylation (Mortensen et al., 2002).  The mechanism which 
activates Gin4 kinase during mitosis involves a Nap1-dependent phosphorylation 
process (Altman and Kellogg, 1997; Carroll et al., 1998).  Several other proteins are 
also speculated to regulate Gin4.  The Elm1 kinase is able to directly phosphorylate 
and activate Gin4 (Asano et al., 2006), while Cla4 is required in vivo for Gin4 kinase 
activation (Tjandra et al., 1998).  Also, Gin4 interacts with the cyclin-dependent 
kinase Cdc28 (Okuzaki et al., 1997), and inhibition of cdc28-as1 activity results in 
Gin4 inactivation and loss in hyperphosphorylation (Li et al., 2012; Mortensen et al., 
2002).   
 In C. albicans, Gin4 seems to play a more essential role.   gin4Δ/Δ mutants 
grow as pseudohyphae with severe cell elongation  and cell separation defects 
(Wightman et al., 2004), while similar phenotype was only observed in S. cerevisiae 
when GIN4 is deleted in combination with genes that mediate septin ring formation 
or the Clb2-initiated pathway (Altman and Kellogg, 1997; Barral et al., 1999; Longtine 
et al., 1998; Longtine et al., 2000; Wightman et al., 2004).  Indeed, Gin4 is a crucial 
player in C. albicans morphogenesis.  C. albicans gin4 Δ/Δ cells are unable to form 
true hyphae (Wightman et al., 2004).   Gin4 directly phosphorylates the septin Cdc11 
to regulate the yeast-to-hyphal transition, and loss of this phosphorylation impairs 
true hyphal growth (Sinha et al., 2007).  In both yeast cells and pseudohyphae, the 
localization and dynamics of Gin4 and septins are similar to that in S. cerevisae.  
During hyphal growth, the septins localize to the tip of the germ tube and later 
assemble as diffused bands at the base of the germ tube. Gin4 is not required for the 
formation of this basal septin ring (Sudbery, 2001; Wightman et al., 2004).  However, 
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Gin4 is required for the subsequent septin ring formation at the septum within the 
hyphae, and Gin4 colocalizes to this septin ring (Wightman et al, 2004; and This 
study,).  The septin rings are maintained as the hyphae elongate (Sudbery, 2001; 
Sudbery et al., 2004), while the Gin4 ring assembles and disassembles in a cell-
cycle dependent manner during hyphal growth (Wightman et al., 2004).  
 As Gin4 is a crucial player in C. albicans morphogenesis and a major septin 
regulator, understanding the function of Gin4 will provide insights into septin 




1.5 Cyclin-dependent kinase (CDKs) and morphogenesis 
1.5.1 The cyclin-dependent kinase Cdc28 
 In S. cerevisiae, budding involves a sequential set of events: bud emergence, 
polarized (apical) growth, apical-to-isotropic growth switch and finally cell separation.  
The aforementioned cellular events have to be temporally and spatially regulated, 
and is coupled with morphogenesis (Howell and Lew, 2012; Lew, 2003; Lew and 
Reed, 1995; Sakchaisri et al., 2004).  The central regulator of these events is the 
cyclin dependent kinase (CDK) Cdc28, which associates with a group of cell-cycle-
phase specific cyclins (Hartwell et al., 1974; Nasmyth, 1993).  Cdc28 together with 
the G1 cyclins Cln1 and Cln2 drives bud emergence (Lew and Reed, 1993; Moffat & 
Andrews, 2004); another CDK Pho85, with the cyclins Pcl1 and Pcl2, is also thought 
to contribute to bud emergence (Measday et al, 1994). Premature activation of G1 
cyclin-Cdc28 activity is able to trigger bud emergence (Cross, 1988; Richardson et 
al., 1989).  Subsequently, the G2 cyclins Clb1 and Clb2 work with Cdc28 to drive the 
apical-to-isotropic switch, leading to an even distribution of growth around the entire 
surface of the daughter cell. Delay in G2 cyclin-Cdc28 activation results in elongated 
bud growth (Lew and Reed, 1993; Nasmyth, 1993).  Finally, the effect of Cdc28 
activity is reversed by the phosphatase Cdc14 upon mitotic exit.  Cdc14 
dephosphorylates the substrates of Cdc28 and inactivates Cdc28 activity (Stegmeier 
and Amon, 2004).  Essentially, cell cycle progression is determined by the activity of 
Cdc28 and its respective cyclins, with the inactivation of Cdc28 marking the end of a 




1.5.2 G1 cyclins-Cdc28 and bud emergence 
 Bud emergence involves a localized concentration of the Rho-family of 
GTPase Cdc42 (Bi and Park, 2012; Pringle et al., 1995; Pruyne and Bretscher, 
2000).  Cell polarity regulation by Cdc42 is a conserved mechanism, and 
homologues of yeast Cdc42 are widely found in other eukaryotic species, including 
humans (Chen et al., 1993; Eaton et al., 1995; Johnson and Pringle, 1990; Luo et al., 
1994; Miller and Johnson, 1994).  Establishment of polarization starts with the 
accumulation of Cdc42 at the cortical cell membrane, which then recruits other 
proteins to drive bud growth (Fig 1.6a) (Park and Bi, 2007).  Cdc42 cycles between 
the active GTP-bound state and the inactive GDP-bound state.  GTP-Cdc42 
formation is triggered by the guanine exchange factor (GEF) Cdc24, while several 
GTPase-activating proteins (GAPs) inactivate Cdc42 by stimulating its GTPase 
activity. Several lines of evidence show that Cdc28 activity is required for the 
localized accumulation of Cdc42 at the incipient bud site.  In the absence of G1 
cyclins Cln1 to Cln3, cells fail to polarize Cdc24, Cdc42, Bem1 and the Cdc42 
effectors Gic2 and Bni1 at the site of bud growth; however, expression of Cln2 in 
these cells restores the polarization of all of these proteins, indicating that the G1 
cyclin-Cdc28 activity is required to promote polarization (Gulli et al., 2000; 
Jaquenoud and Peter, 2000; Wedlich-Soldner et al., 2004).  
 In a yeast cell, there are a set of landmark proteins which are inherited from 
the previous cell cycle and are localized at specific cellular sites. Many of the 
landmark proteins are transmembrane proteins that can anchor themselves to the 
cell wall and, interact with the polarity proteins to define the future site of bud 
emergence (Bi and Park, 2012; Halme et al., 1996; Harkins et al., 2001; Howell and 
Lew, 2012; Kang et al., 2004; Roemer et al., 1996).  Before polarity establishment, 
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the Ras-related GTPase Rsr1 is localized indiscriminately entire the whole plasma 
membrane (Michelitch and Chant, 1996; Park and Bi, 2007).  Rsr1 is able to interact 
with Cdc24, the GEF of Cdc42 (Zheng et al., 1995).  The Rsr1 GEF Bud5, localizes 
near the ‘landmark proteins’, while the Rsr1 GAP Bud2 localizes randomly (Kang et 
al., 2001; Marston et al., 2001; Park et al., 1999).  Therefore, the active GTP-Rsr1 
will exist near the landmark proteins which the Rsr1 GEF Bud5 localized.  Cdc24, 
which binds to GTP-Rsr1, will localize to the presumptive bud site only upon the 
activation of the G1 cyclin- CDK, suggesting that the timing of polarity establishment 
is regulated by G1 cyclin-CDK activity (Park et al., 1997).  Cdc24 is sequestered by 
Far1 at the nucleus, activation of G1 cyclin-CDK triggers the degradation of Far1 and 
results in the relocation of Cdc24 to the cytoplasm (Shimada et al., 2000).  CDK 
activity might also stimulate the GTP loading of Rsr1 by Bud5 and then enable 
Cdc24 binding to GTP-Rsr1, thus concentrating Cdc24 at the presumptive bud site 
(Howell and Lew, 2012).  
 In the absence of predetermined landmark proteins, concentration of GTP-
Cdc42 occurs via a positive feedback mechanism involving the scaffold protein 
Bem1 (Irazoqui et al., 2003).  In rsr1Δ/∆ cells, Bem1 is required for the polarization of 
Cdc42. Bem1 directly interacts with Cdc24 and a PAK kinase Cla4 (Kozubowski et 
al., 2008).  The PAKs are effectors of Cdc42 (Bagrodia and Cerione, 1999).  
Therefore,GTP-Cdc42 via PAK interaction is able to recruit a Cla4-Bem1-Cdc24 
complex to  the cell membrane and is able to generate a localized concentration of 
GTP-Cdc42 from the surroundings GDP-Cdc42 via the GEF activity of the complex 
(Kozubowski et al., 2008; Shimada et al., 2004).  Although the mechanism behind 
the action of Cdc28 on Cdc42 polarization is not well established, proteins involved 
in the Cdc42 positive feedback mechanism such as Bem1, Ste20 and Cla4 are found 
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to be CDK substrates (Enserink and Kolodner, 2010; Holt et al., 2009), suggesting 
that CDK activity might regulate the positive feedback mechanism for GTP-Cdc42 
accumulation.  Furthermore, several GAPs of Cdc42 are CDK substrates, including 
Bem2, Bem3, Rga1 and Rga2 (Holt et al., 2009; Knaus et al., 2007; McCusker et al., 
2007; Ubersax et al., 2003).   Over-expression of the nonphosphorylatable forms of 
Bem3 and Rga2 impaired polarity establishment and resulted in the formation of 
depolarized cells. This defect can be overcome by the inactivation of the GAP 
activity, suggesting that CDK phosphorylation might inhibit GAP activity and allow 
GTP-Cdc42 to accumulate, leading to polarity establishment (Howell and Lew, 2012; 
Knaus et al., 2007; Sopko et al., 2007). 
 Upon concentration of GTP-Cdc42 at the polarization site, cytoskeletal 
elements are assembled at or around the site, such as the septin ring, actin cables 
and actin patches (Fig. 1.6b & c) (Howell and Lew, 2012; Kaksonen et al., 2003).  To 
initiate bud emergence, cell wall synthesis must be activated and secretions targeted 
towards the polarization site.  The glucan synthase regulator Rho1 is a GTPase 
required for cell-wall biosynthesis and bud emergence (Abe et al., 2003).  GTP 
loading onto Rho1 is cell-cycle regulated.  In S. cerevisiae, Cln2-Cdc28 
phosphorylates the Rho1 GEF Tus1 which activates Rho1.  CDK-regulated increase 
in GTP-Rho1 activity at the time of bud emergence is abolished in phospho-mutants 
of Tus1 (Kono et al., 2008).  Further involvement of CDKs in bud emergence is in the 
regulation of the septins. The septins are not able to assemble into a ring in the 
absence of the G1 cyclins Cln1 to Cln3 or without the action of Cdc28.  Cln1 and 
Cln2 have been shown in particular to be required for septin ring assembly (Benton 
et al., 1993; Cvrcková et al., 1995; Gladfelter et al., 2005; Lew and Reed, 1993; 
Madden and Snyder, 1992). Some septins such as Shs1 and Cdc3 are known CDK 
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substrates (Egelhofer et al., 2008; Tang and Reed, 2002) .  In C. albicans, Cdc28 
phosphorylation of the septin Cdc11 is crucial for hyphal growth (Sinha et al, 2007), 
and phosphorylation of the septin Sep7 by Cdc28 is required to convert the septin 
ring to a hyphal specific state (Gonzalez-Novo et al, 2008).   
1.5.3 G2 cyclins-Cdc28 and the apical-isotropic growth switch 
 After bud emergence, the cell continues to grow in a polarized manner, 
termed apical growth.  The activation of G2 cyclin-Cdc28 activity triggers an apical-
to-isotropic growth switch (Lew and Reed, 1995). During isotropic growth, polarized 
growth factors are distributed evenly throughout the bud surface instead of being 
targeted to a single pole (Farkas et al., 1974; Lew and Reed, 1995). A delay in the 
switch results in bud elongation; while a premature switch can be induced by the 
overexpression of CLB1 or CLB2, suggesting that the activity of G2 cyclins-Cdc28 is 
required for the switch (Lew and Reed, 1995).  Although the involvement of the G2 
cyclins-Cdc28 is clear, the underlying molecular mechanism for the apical-isotropic 
switch is not well established.   
 G2 cyclins-Cdc28 activity has been postulated to prevent  the phosphorylation 
of G1 cyclins-Cdc28 substrates, thus terminating apical growth (Howell and Lew, 
2012).  Over-expression of CLN1 and CLN2 results in prolonged apical growth of 
cells (Lew and Reed, 1995).  However, evidence showing the effects of G2 cyclins-
Cdc28 on the reversal of G1 cyclins-Cdc28 dependent events has been elusive.   
Another idea put forth is that G2 cyclins-Cdc28 affects the dissociation of the Bem1-
complex to reduce the amount of GTP-Cdc42 in the cell (Gulli et al., 2000; Howell 
and Lew, 2012; Johnson et al., 2011).  Cdc24 is hyperphosphorylated by PAK Cla4, 
with this phosphorylation thought to affect Cdc24 association with Bem1, thus 
27 
 
leading to the dissociation of the Cdc24-Bem1-Cla4 complex (Bose et al., 2001; Gulli 
et al., 2000).  However, further studies showed that phosphorylated Cdc24 can still 
associate with Bem1, and that mutation of the known phosphorylation sites on 
Cdc24 does not affect the apical-to-isotropic switch (Bose et al., 2001; Kozubowski 
et al., 2008; Wai et al., 2009).  Although fusion of Cdc24-Bem1 did not affect the 
apical-to-isotropic switch, fusion of Cla4-Cdc24 resulted in elongated bud growth 
(Kozubowski et al., 2008), therefore, the possibility that the G2 cyclins-Cdc28 activity 
somehow disrupts the Bem1-complex remains attractive (Howell and Lew, 2012). 
1.5.4 End of the cell cycle and cell separation 
 As previously described, actin cables and a septin ring are assembled at the 
presumptive bud site upon Cdc42 polarization (Howell and Lew, 2012).  During cell 
cycle progression, the septin ring exists as an hourglass-shaped collar at the bud-
neck (Gladfelter et al., 2001; Longtine and Bi, 2003; Oh and Bi, 2011).  During late 
anaphase, the septin ring at the bud neck recruits proteins for the formation of the 
actomyosin ring (AMR). The AMR consists of actin, the type II myosin heavy chain 
Myo1 and the protein of the IQ-motif containing GTPase activating protein (IQGAP) 
family Iqg1 (Bi, 2001).  The AMR is kept at the bud neck together with the septin 
collar until the time of cytokinesis,  during which the septin collar splits into two 
distinct rings (Bi and Park, 2012; Gladfelter et al., 2001; Longtine and Bi, 2003; Oh 
and Bi, 2011), while  the AMR constricts and directs the formation of the primary 
septum.  Formation of the primary septum involves the deposition of chitin; 
subsequently, a secondary septum is form by the deposition of glucan and mannan 
on either side of the primary septum (Lesage and Bussey, 2006).  Cell separation 




 Cell separation is triggered by exit from mitosis, involving a signalling pathway 
called the mitotic exit network (MEN), which causes the release of the phosphatase 
Cdc14 from the nucleolus (Weiss, 2012). Cdc14 dephosphorylates Cdc28 substrates 
and counteracts the effects of Cdc28 activity (de Bettignies and Johnston, 2003; Lee 
et al., 2001; Sanchez-Diaz et al., 2012; Yoshida et al., 2002).  The chitin synthase 
Chs2 is an integral membrane protein that synthesizes chitin, forming the primary 
septum.  Chs2 is targeted to the septation site by the septins, with septin 
mislocalization causing Chs2 to be absent from the septum (Roh et al., 2002; Zhang 
et al., 2006).  Several Chs2 regulators colocalize with Chs2 at the primary septum, 
including the Chs2 activators Cyk3 and Inn1 and the cytokinetic protein Hof1 
(Jendretzki et al., 2009; Korinek et al.; Lippincott and Li, 1998; Nishihama et al., 
2009; Sanchez-Diaz et al., 2008; Vallen et al., 2000).  Chs2 is embedded in the 
endoplasmic reticulum (ER) membrane, with its N-terminal catalytic domain exposed 
to the cytoplasm (Chuang and Schekman, 1996; Zhang et al., 2006).  Clb2-Cdc28 
phosphorylates Chs2 at several sites on its N-terminus, and phosphorylation on 
these sites is required to keep Chs2 attached to the ER (Martínez-Rucobo et al., 
2009; Teh et al., 2009).  During cytokinesis, MEN activation of Cdc14 results in the 
dephosphorylation of Chs2 at the N-terminus (Chin et al., 2012), allowing Chs2 to 
translocate to the golgi and be delivered to the cytokinetic site through the secretory 
pathway (Chuang and Schekman, 1996; Zhang et al., 2006).   
 Contraction of the AMR is facilitated in part by MEN signalling. The Mob1-
Dbf2 kinase,  a component of the MEN pathway, directly phosphorylates Hof1 (Frenz 
et al., 2000; Yoshida and Toh-e, 2001).  Hof1 is a protein of the F-BAR family and its 
cellular levels are regulated by phosphorylation (Vallen et al., 2000).  Hof1 
colocalizes with the septin ring at the bud neck from S phase to late anaphase and 
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interacts with the AMR before its contraction (Vallen et al., 2000).  During mitosis, 
Hof1 is phosphorylated by Clb2-Cdc28, priming it for further phosphorylation by the 
polo-like kinase Cdc5.  Phosphorylation by Cdc5 causes Hof1 to bind directly to 
Mob1 for phosphorylation by the Mob1-Dbf2 kinase. The phosphorylated Hof1 
dissociates from the septin ring and interacts with the AMR to facilitate its contraction 
(Meitinger et al., 2010) leading to cell separation. 
 In conclusion, Cdc28 regulates the progression of the cell cycle at multiple 
levels.  Particularly relevant to the scope of this thesis, Cdc28 plays an important role 











Reused with permission from (Park and Bi, 2007) 
 
Fig. 1.5 Localization of Cdc42 and Cdc42-controlled actin and septin 
organization. 
 
(a) Cdc42 localization (Green) and the directionality of cell growth (Blue arrows) in 
the cell cycle are indicated. Components of the exocyst display a similar localization 
pattern as Cdc42.  A cell-cycle triggered switch from apical to isotropic growth 
occurs around the G2/M transition. 
 
(b) Actin organization in the cell cycle. Actin patches (Red spots), actin cables (Red 
lines), and the actin ring (Red circle) are indicated. The short, branched actin 
filaments in the patches are nucleated by the Arp2/3 complex and its activators, 
whereas the linear actin filaments in the cables and the rings are nucleated by the 
formins Bni1 (Brown) and Bnr1 (Yellow). 
 
(c) Septin organization in the cell cycle. Septin collar or hourglass (Purple) formation 
involves at least three steps: 1. septin recruitment, which requires Cdc42-GTP, its 
effectors Gic1 and Gic2, and possibly the polarisome; 2. septin ring assembly, which 
requires Cdc42 cycling between the GDP- and GTP-bound states, its GAPs, and 
possibly its effector Cla4; and 3. maturation of the septin ring into a collar, which 
requires Cla4 and GTP binding of the septins.  Lastly, 4. collar splitting which 







1.6 Cell-cycle checkpoints  
 During the cell cycle,  surveillance mechanisms called checkpoints monitor 
progression to ensure that key events take place in an orderly manner (Caydasi et 
al., 2010; Lew, 2003; Lew and Reed, 1995; McMillan et al., 1999a; Merlini and Piatti, 
2011).  In S. cerevisiae, the septins play a key role in the morphogenesis checkpoint 
(Keaton and Lew, 2006; Lew, 2000; Lew, 2003) and the spindle position checkpoint 
(SPC) (Markus et al., 2012; Merlini and Piatti, 2011).  The positioning of the septin 
ring at the bud neck makes it a suitable sensor for cues from both the growing bud 
and the mother cell to direct proper timing of chromosome segregation and 
cytokinesis.  The septin collar at the bud neck interacts with actin filaments (Joo et 
al., 2007; Kinoshita et al., 2002; Rodal et al., 2005), microtubules (Silverman-Gavrila 
and Silverman-Gavrila, 2008; Spiliotis, 2010) and the cell membrane (Casamayor 
and Snyder, 2003; Gao et al., 2007; Tanaka-Takiguchi et al., 2009).  Septins’ 
interaction with the actin cytoskeleton mediates bud polarization and growth, while 
interaction with microtubules regulates nuclear division (Kusch et al., 2002; Longtine 
and Bi, 2003; Oh and Bi, 2011).  Perturbations to the actin cytoskeleton trigger the 
morphogenesis checkpoint, while the spindle position checkpoint acts in response to 
problems in the alignment and position of the spindle pole bodies (SPBs). For both 
checkpoints the bud neck serves as a sensor to detect perturbations in the two  
cytoskeletal elements (Keaton and Lew, 2006; Lew, 2000; Merlini and Piatti, 2011; 






1.6.1 Morphogenesis checkpoint 
 The morphogenesis checkpoint arrests the cell cycle at G2, preventing mitotic 
entry (Keaton and Lew, 2006; Lew, 2000; Lew, 2003; McMillan et al., 1998).  In S. 
cerevisiae, the morphogenesis checkpoint involves the regulated accumulation and 
degradation of Swe1, the S. cerevisiae homologue of S. pombe Wee1 (King et al., 
2013; Sia et al., 1996; Sia et al., 1998).  In a normal cell , Swe1 is synthesized during 
late G1, accumulates from late G1 to S phase, and is degraded at G2 and M phase 
(Sia et al., 1998); accumulation of Swe1 leads to arrest in G2. Swe1 is cumulatively 
phosphorylated through the cell cycle, and the phosphorylated Swe1 is susceptible 
to ubiquitination and degradation through the 26S proteosome (Lee et al., 2005; 
McMillan et al., 1999a; McMillan et al., 2002; Shulewitz et al., 1999; Sia et al., 1998; 
Sreenivasan and Kellogg, 1999).  Therefore, phosphorylation of Swe1 is a pre-
requisite for its degradation.  The phosphorylation of Swe1 requires its localization to 
the bud neck, which is mediated by the Nim1-related kinase Hsl1 and its adaptor 
Hsl7 (Barral et al., 1999; King et al., 2012; King et al., 2013; Longtine et al., 2000; 
Shulewitz et al., 1999).  The septins are required for the degradation of Swe1. The 
combined action of Hsl1 and Hsl7 tethers Swe1 to the septin ring for phosphorylation 
by Cla4 and Cdc5 (Asano et al., 2005; Hanrahan and Snyder, 2003; Sakchaisri et al., 
2004; Theesfeld et al., 2003).  The organization of the septin complex in unbudded 
cells and at the bud-neck of budded cells is intrinsically different.   Although Hsl1 can 
localize with the septin structures in both unbudded and budded cells, only Hsl1 
localized to the septin collar at the bud neck can recruit Hsl7 and thus, Swe1.  
Furthermore, bud-neck localization of Cdc5, which first appears at the SPBs, is 
crucial for Swe1 phosphorylation (Asano et al., 2005; Park et al., 2004; Sakchaisri et 
al., 2004).  These findings show the importance of the organization of the septin ring 
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as a spatial cue for the progression of the cell cycle, and mechanisms regulating 
septin ring assembly could be the bridging factors that coordinate budding with the 
nuclear division cycle.   
1.6.2 Mitotic exit network (MEN) 
 Activation of the MEN pathway in S. cerevisiae marks the end of mitosis and 
mediates mitotic exit leading to cytokinesis and cell separation (de Bettignies and 
Johnston, 2003; Meitinger et al., 2012).  The MEN leads to the activation of the 
phosphatase Cdc14 (Clifford et al., 2008; Queralt and Uhlmann, 2008; Sanchez-Diaz 
et al., 2012; Stegmeier and Amon, 2004).  Cdc14 is sequestered in the nucleolus 
through most of the cell cycle, until MEN activation which signals its eventual release 
into the cytoplasm (Torres-Rosell et al., 2005).  The key component of MEN is the 
GTPase Tem1, which is kept inactive by its GAP made up of Bub2 and Bfa1.  Bub2 
has GAP activity, while Bfa1 acts as an adapter for Bub2 to Tem1 (Geymonat et al., 
2002; Pereira et al., 2000).  Lte1, the putative GEF of Tem1, exists exclusively on 
the bud cortex (Jensen et al., 2002), while Tem1, Bub2 and Bfa1 are localized to the 
spindle pole bodies (SPBs).  Tem1 is therefore, kept inactive by the Bub2-Bfa1 
complex and only activated after the daughter-bound SPB (dSPB) has crossed the 
bud neck into the daughter compartment where Its putative GEF Lte1 localized 
(Fraschini et al., 2006; Pereira et al., 2000).  The activated Tem1 binds to the protein 
kinase Cdc15, which directly phosphorylates and activates the Mob1-Dbf2 kinase 
(Lee et al., 2001; Mah et al., 2001).  Mob1-Dbf2 then causes dissociation of Cdc14 
from Net1, the protein tethering Cdc14 to the nucleolus, and promotes the full 
release of Cdc14 into the cytoplasm where it acts to counteract the phosphorylation 
events brought about by Cdc28.  This leads to mitotic exit, re-setting the cell to a G1 
state (Jaspersen et al., 1998; Visintin et al., 1998).  MEN is then inactivated through 
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a negative feedback mechanism by the released Cdc14, thus allowing the start of a 
new cell cycle (Visintin et al., 2008; Wang et al., 2003). 
1.6.3 Spindle position checkpoint (SPC) and MEN 
 In S. cerevisiae, the cleavage plane is defined before the positioning of the 
spindle poles. Upon bud emergence, the septins localize to the incipient bud site, 
which will eventually define the site of cytokinesis and this determination is prior to 
the positioning of the spindle poles (Bi et al., 1998; Longtine and Bi, 2003; Oh and Bi, 
2011). Therefore, proper alignment of the spindle poles along the mother-bud axis is 
of utmost importance to the cell.   When the mitotic spindle is misaligned, mitotic exit 
has to be delayed to allow correction to spindle pole positioning (Caydasi and 
Pereira, 2012; Caydasi et al., 2010).  The SPC prevents the cell from undergoing 
cytokinesis by acting on the MEN pathway. Under the surveillance of SPC, mitotic 
exit is prevented until a spindle pole crosses the bud neck into the daughter bud 
(Pereira et al., 2000; Yeh et al., 1995).  The SPC works by blocking the release of 
Cdc14 into the cytoplasm, thus preventing mitotic exit (Caydasi and Pereira, 2012; 
Piatti et al., 2006).  Since the release of Cdc14 from the nucleolus is a downstream 
consequence of the activation of Tem1, the SPC acts on Tem1 to inhibit its activation.   
 During anaphase, Cdc5 phosphorylates Bfa1, preventing Bfa1 from binding to 
Tem1 (Hu et al., 2001). Without Bfa1, Bub2 alone is inefficient in facilitating the GTP-
hydrolysis of Tem1 (Geymonat et al., 2002).  Furthermore, phosphorylation of Bfa1 
by Cdc5 causes inhibition of the GAP activity of Bub2-Bfa1 on Tem1 (Geymonat et 
al., 2003).  Thus, Cdc5 phosphorylation on Bfa1 leads to mitotic exit by relieving 
Tem1 from inhibition by its GAP.  When the spindle is misaligned or when the 
microtubules are perturbed, the kinase Kin4 phosphorylates Bfa1 and prevents it 
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from being phosphorylated by Cdc5, and thus its GAP activity is uninhibited, Tem1 is 
inactive and mitotic exit is delayed (D’Aquino et al., 2005; Maekawa et al., 2007; 
Pereira and Schiebel, 2005).  The MEN is fine-tuned by the SPC which involves the 
counteracting activities of Cdc5 and Kin4 on Bfa1.  Components of both the MEN 
and the SPC are spatially regulated in the cell.  Kin4 localizes exclusively to the 
mother cortex, while Lte1 is localized to the bud cortex; Bub2, Bfa1 and Tem1 are 
localized at the SPBs and preferentially accumulate on the dSPB at metaphase 
(Bardin et al., 2000; D’Aquino et al., 2005; Molk et al., 2004; Pereira and Schiebel, 
2005; Pereira et al., 2000).  The asymmetric localization of the MEN and SPC 
components is important to coordinate the proper spindle alignment to mitotic exit. 
1.6.4 Determinants of proper spindle orientation 
 Astral microtubules, which emanate from the SPBs, help position and align 
the spindle poles along the mother-bud axis (Markus et al., 2012).  In S. cerevisiae, 
two redundant pathways, the Kar9 pathway and the dynein pathway, act to orientate 
the spindle poles.  The Kar9 pathway is actin-dependent and acts early in the cell 
cycle.  In the Kar9 pathway, the class-V myosin Myo2 interacts with Kar9 and plus-
end microtubule tracking protein Bim1, guiding the plus-end of microtubules along 
the actin cables towards the bud neck and the bud cortex (Lee et al., 2000; 
Maekawa and Schiebel, 2004; Yin et al., 2000).  Kar9 needs to localize exclusively at 
the dSPB and not the mother-bound SPB (mSPB) for the astral microtubules 
growing from the dSPB to be transported to the bud neck; this asymmetry is 
maintained by inhibiting Kar9 association with the mSPB.   Clb4/Cdc28, which 
localizes to the mSPB, phosphorylates Kar9 and prevents its association with the 
mSPB and Bim1 (Liakopoulos et al., 2003; Maekawa and Schiebel, 2004).   
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 In the dynein pathway, dynein, like Kar9, is preferentially localized to the 
dSPB.  The dynein pathway promotes the lateral sliding of the cytoplasmic 
microtubule plus-end along the bud cortex, resulting in a pulling force on the nucleus 
(Markus et al., 2012; Moore and Cooper, 2010).  In both the Kar9 and dynein 
pathways, the ability to differentiate between the two SPBs depends on their 
asymmetric localization to the dSPBs; other than the recruitment and exclusion 
mechanisms that ensure this asymmetry, the bud neck plays a role in the 
establishment of the dSPB (Merlini and Piatti, 2011).  In S. cerevisiae, microtubule 
shrinkage and pulling of the nucleus into the daughter cell requires contact with the 
bud neck (Grava et al., 2006).  Control of microtubule shrinkage involves the septin-
associated kinases Gin4 and Hsl1 which reside at the bud neck with the septins. In 
the gin4Δ hsl1Δ double mutant, microtubule shrinkage does not occur upon contact 
with the bud neck (Kusch et al., 2002).  The bud neck also acts as a spatial cue for 
the asymmetrical distribution of dynein; microtubule shrinkage and the pulling of 
spindle towards the bud neck occurs following microtubule capture at the bud neck 
(Kusch et al., 2002).  This “capture and shrinkage” mechanism (Moore and Cooper, 
2010) of the microtubules requires the septins and the septin-associated kinases 
Gin4, Hsl1 and Elm1.  In elm1Δ gin4Δ hsl1Δ cells, dynein is localized symmetrically 
to the two SPBs (Grava et al., 2006).  Furthermore, defects affecting the integrity of 
the bud neck, such as deleting the bud-neck kinases Gin4 and Hsl1 causes Bub2 to 
localize equally to the two spindle poles (Fraschini et al., 2006), affecting mitotic exit.  
The coordination of the signals from proper spindle orientation to mitotic exit is 




1.7 Objectives of this study 
 Previously, we reported a model for the post-translational regulation of hyphal 
growth initiation in C. albicans (Sinha et al., 2007).  In this model, the septin-
associated kinase Gin4 plays a crucial role in phosphorylating the septin Cdc11 to 
prime it for further phosphorylation by Cdc28-Ccn1 to initiate hyphal growth.  The 
importance of Gin4 and septins in C. albicans morphogenesis is evident; however, 
the mechanism of regulation of Gin4 in C. albicans is not well understood.   
Therefore, in this study we first set out to 1) identify the upstream regulator of 
Gin4, and elucidate its function (Chapter 3).  In S. cerevisiae, activation of Gin4 
kinase activity requires its phosphorylation; this phosphorylation mechanism is not 
well understood in C. albicans.  Here, we reported that the cyclin-dependent kinase 
Cdc28 phosphorylates Gin4; which in turn, regulates the dynamics of the septin 
Sep7 at the bud neck.  Also, in the process of addressing the aforementioned 
objective, we found that Gin4 serves additional functions independent of its kinase 
activity (Li et al., 2012), and so we set out to 2) characterize the nonkinase region of 
Gin4 (Chapter 4).  In this part of the study, we identified at least three distinct 
domains in the nonkinase region of Gin4, namely the lipid-binding domain (LBD), the 




Chapter 2  
Materials and Methods 
2.1 Strains and culture conditions 
C. albicans strains used in this study are as listed in Table 2.1.   
All strains were routinely grown at 30°C in yeast extract-peptone dextrose (YPD) (2% 
yeast extract, 1% peptone, and 2% glucose), or in glucose minimal medium (GMM) 
(2% glucose and 1% yeast nitrogen base), or in GMM supplemented with the 
required amino acids. To turn on the expression of GIN4 in gin4Δ::flp/PMAL2-GIN4-
HIS1 strains, the cells were grown in yeast extract-peptone maltose (YPMal) (2% 
yeast extract, 1% peptone, and 2% maltose), or in maltose minimal medium (MalMM) 
(2% maltose and 1% yeast nitrogen base), or in MalMM supplemented with the 
required amino acids.  
Hyphal induction was carried out by adding 20% fetal bovine serum (FBS) (Hyclone, 
USA) to liquid GMM or MalMM and incubation at 37°C. 
 All solid media used contained 2% agar (Bacto™Agar, Becton, Dickinson and 
Company, USA).   
2.1.1 Repression of MAL2 promoter  
To shutoff the wild-type copy of GIN4 in PMAL2-GIN4 strains, cells were grown 
overnight in GMM media (supplemented with the appropriate amino acids), and re-




2.1.2 Repression of MET3 promoter 
To repress the MET3 promoter, cells were cultured in GMM medium supplemented 
with10 mM methionine and 2 mM cysteine at 30°C. 
2.1.3 Repression of Tetoff promoter 
PY417 (stt4Δ:: HIS/stt4::URA3pTetoffSTT4) and PY425 
(mss4Δ::HIS1/mss4::URA3pTetoffMSS4) strains are gifts from Vernay et al. 2012.  
Conditions to repress the expression of MSS4 and STT4 were carried out as 
described in the paper (Vernay et al., 2012). 
2.2 Centrifugal elutriation 
50 mL of overnight yeast culture in GMM was re-inoculated into 450 mL of fresh 
GalMM media and grown to stationary phase to obtain unbudded yeast cells.  The 
culture was then loaded into the centrifuge for elutriation (Avanti™ J-26XP 
Centrifuge for Elutriation, Beckman Coulter) at a constant rotor speed of 4200 rpm 
and an initial flow rate of 50 mL/min.   G1 cells were obtained by gradually increasing 
the counter flow rate and the synchronized cells were collected in sterile distilled 
water (SDW) and checked under the microscope.  The elutriated cells were then 
released into pre-warmed GMM or GMM with 20% FBS, for yeast or hyphal growth 
respectively.  




2.3 DNA recombination and molecular cloning method 
2.3.1 C. albicans BWP17 genomic DNA extraction 
C. albicans genomic DNA was extracted using the MasterPure™ yeast DNA 
purification Kit (Epicentre, illumina) according to the manufacturer’s protocol. 
2.3.2 Polymerase Chain Reaction (PCR) 
All primers used are listed in Table 2.2. 
PCR amplification of genes or gene fragments was performed on C. albicans 
genomic DNA, using primers containing the required restriction enzymes sites for 
cloning and with high-fidelity DNA polymerase (KOD Hotstart DNA polymerase, 
Merck-Novagen).   
A typical PCR program is as follows: 
Steps Temperature Time 
1. Polymerase activation 95°C 2 min 
2. Denature 95°C 20 sec 
3. Annealing Lowest annealing Tm of 
the primers used  
10 sec 
4. Extension 70°C 25 sec/kb 





2.3.3 Restriction enzymes digestions 
All restriction enzymes used are from NEB (New England Biolabs).  Restriction 
enzymes digestions were performed at 37°C, using the appropriate buffers supplied 
by the manufacturer (New England Biolabs).   
2.3.4 DNA ligation 
Cleaved DNA fragements were separated on 1% DNA agarose gel, the desired DNA 
band excised and purified using QIAquick Gel purification kit (QIAGEN). T4 DNA 
ligase (Fermentas) was used for the ligation of the DNA fragments to the vectors.   
2.3.5 DNA sequencing 
DNA sequencing was performed by the DNA Sequencing Facility (DSF, IMCB) using 
Applied Biosystems 3730xl instrumentation and BigDye terminator chemistry. 
(https://corefac.imcb.a-star.edu.sg/imcbdsf/protocols/protocols.htm) 
2.3.6 Gene deletion 
Gene deletion mutants in this study were all created using BWP17 as the parental 
strain (Wilson et al., 1999).  Deletion cassettes containing a marker gene, URA3, 
ARG4 or HIS1 were used to replace the gene of interest.  DNA fragments 
corresponding to the upstream 5’ (AB) and downstream 3’ (CD) regions of the 
targeted gene were used as flanking sequences (Berman and Sudbery, 2002).  
Single gene knockout of GIN4 was created using the URA-flipper cassette 
(Morschhäuser et al., 1999), the flanking AB and CD sequences of GIN4 were 
cloned upstream and downstream to the URA-flipper sequence respectively.  The 
URA-flipper cassette was used to knockout one copy of GIN4 and the URA3 marker 
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was flipped out from the resultant mutant to give GIN4/gin4∆::flp strain (LCR42).  
The second copy of GIN4 was either replaced by the desired mutant gene or placed 
under the control of the MAL2 promoter (PMAL2) (Walther and Wendland, 2008) to 
create the GIN4-shutoff strain (gin4∆::flp/PMAL2-GIN4-HIS1). 
2.3.7 Plasmids construction 
The primers used are listed in Table 2.2.  Appropriate restriction enzymes sites were 
added to the primers (Underlined in Table 2.2). 
C-terminal tagging constructs were created using the plasmid pGFPutr (Zheng et al., 
2003).  pGFPutr was modified to pHFMutr by replacing the GFP tag with HFM 
(6xHis-Flag-6xMyc) tag using XhoI and ClaI cloning sites; pMcherryTAPDH was 
created by replacing the GFP-UTR by mCherry-TAPDH at the ClaI and SmaI cloning 
sites. In constructs containing the selectable marker ARG4, ARG4 was cloned into 
the plasmids using MluI and NotI cloning sites to replace the URA3 marker.   
N-terminal tagging constructs were created using pClpGFPutr (Zheng et al., 2003). 
2.3.8 Construction of Gin4 CDK sites deletion mutants 
To construct C-terminal tagged Gin4, GIN4 was PCR amplified using the primers 
Gin4KpnIF and Gin4XhoIR. The PCR amplified fragment of GIN4 was digested with 
KpnI and XhoI, and cloned into the KpnI-XhoI sites of the plasmid pGFPutr to yield 
pGin4GFP.  The same strategy is employed to create all C-terminal tagging 
constructs.  Gin4 CDK sites deletion mutants were created using Quikchange™ site 
directed mutagenesis kit (Agilent Technologies, Inc.) using the primer pairs Gin4-
6CDK∆-F and Gin4-6CDK∆-R, Gin4-10CDK∆-F and Gin4-10CDK∆-R, and using 
pGin4GFP as the template. A unique Bglll site was created at nt 843 within the insert, 
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without changing the amino acid, as the linearization site for the plasmids pGin4GFP, 
pGin4374-466GFP and pGin4443-466GFP.  
2.3.9 Construction of Gin4 CDK-phosphomutants 
To construct N-terminal tagged Gin4, the sequences of GIN4 ORF from 1-1798 was 
PCR amplified with the restriction sites NarI and PstI added to the 5’ and 3’ ends of 
the PCR fragment, cleaved and cloned into the ClaI-PstI sites on pClpGFPutr 
plasmid downstream of the GFP tag to create pClpGFPGin4.  To express GFP-Gin4 
under its native promoter, a 1206-bp region of the GIN4 promoter was amplified with 
the addition of KpnI and XhoI sites added to its 5’ and 3’ ends respectively, and then 
cloned into the KpnI-XhoI sites of pClpGFPGin4 to give the plasmid pPGIN4GFPGin4.  
The resultant construct pPGIN4GFPGin4 was linearized using a BamHI site at nt1043 
and transformed into the gin4::flp/GIN4 strain.  The pPGIN4GFPGin4 plasmid is used 
as the template to generate the pPGIN4GFPgin4-10A and pPGIN4GFPgin4-10E 
plasmids using the Quikchange™ multi-site directed mutagenesis kit (Agilent 
Technologies, Inc.).  The plasmids pPGIN4MYCGin4, pPGIN4MYCgin4-10A, 
pPGIN4MYCgin4-10E were created by using similar strategy, and by replacing the 
GFP tag in pClpGFPutr with MYC using the XhoI-ClaI cloning sites.   
2.3.10 Construction of Gin4-truncations plasmids  
To create the Gin4-truncations plasmids, the pClpGFP vector (Zheng et al., 2003) 
was modified to be used as the vector.  The MET3 promoter was PCR amplified with 
the addition of KpnI and XhoI sites at the 5’ and 3’ ends respectively and cloned into 
the KpnI-XhoI sites of pClpGFP to give the plasmid pPMET3GFP.  And then, the 
GAL4UTR was PCR amplified with the addition of PstI and MluI sites to its 5’ and 3’ 
ends respectively and cloned into the PstI-MluI sites on pPMET3GFP to give the 
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plasmid pPMET3GFPutr. Full-length GIN4 was cloned using primers that added a NarI 
site to the 5’ end and a PstI site to the 3’ end of the DNA fragment, and cloned into 
the ClaI-PstI sites on pPMET3GFPutr downstream of the GFP tag to give the plasmid 
pPMET3GFP-Gin4
FL.  To transform into GIN4-shutoff strain, the construct was 
linearized using SalI at nt 1003 within the MET3 promoter to be integrated into the 
MET3 promoter locus.  Subsequently, the plasmids pPMET3GFP-gin4
CT2∆ and 
pPMET3GFP-gin4
CT3∆ were generated from pPMET3GFP-Gin4
FL using Quikchange™ 
site-directed mutagenesis kit (Agilent Technologies, Inc.).  The plasmid pPMET3GFP-
gin4CT1∆ was generated by PCR amplifiying the gin4CT1∆ DNA fragment using the 
primers Gin4FL-NarIF and Gin4CT1∆-PstIR, and cloned into the ClaI-PstI sites on 
pPMET3GFPutr.  The respective CT1, CT2 and CT3 DNA regions were PCR amplified 
using appropriate primers to the targeted regions with the addition of NarI and PstI 
sites at the 5’ and 3’ ends respectively, and cloned into ClaI-PstI sites on 
pPMET3GFPutr as well.   
2.3.11 Basic residues mutation of CT1 
Mutation of the basic residues on CT1 was performed using the Quikchange multi-
site directed mutagenesis kit (Agilent Technologies, Inc.), and with the plasmid 
pPMET3GFP-CT1 as the template.  The mutated plasmids were purified, linearized 
with SalI site within the MET3 promoter and transformed into PMAL2-GIN4 strain.  The 
resultant transformants were verified by extracting genomic DNA from each mutant, 
the gene of interest PCR amplified using primers to the upstream GFP tag 
(GFPseq682-F) and the downstream GAL4UTR (Gal4UTR100seq-R) and then send 




2.3.12 Nucleotide Mutagenesis 
Mutagenesis was carried out with Quikchange™ multi-site directed mutagenesis kit 
(Agilent Technologies, Inc.) according to the manufacturer’s instructions with minor 
modifications (http://www.chem.agilent.com/library/usermanuals/Public/200513.pdf). 
For mutagenesis, primers were designed to contain the mutated sequence at the 
desired site and all primers used in the same reaction should be in the same 
direction (i.e. all 5’-3’ or all 3’-5’).  Primers used are listed in Table 2.2.   
The resultant plasmids were transformed into XL1-Blue electrocompetent cells 
(Agilent Technologies, Inc.), resultant colonies were cultured, and plasmids were 
purified and send for DNA sequencing using either/both of the primers GFPseq682-F 
and Gal4UTR100seq-R to identify the plasmid with the mutated sequence. 
2.3.13 Nucleotide Deletion 
Gene sequence deletion was performed with Quikchange™ site directed 
mutagenesis kit (Agilent Technologies, Inc.) according to the manufacturer’s 
instructions (http://www.chem.agilent.com/library/usermanuals/Public/200518.pdf). 
For each deletion site, a pair of complementary primers was required.  Primers used 
are listed in Table 2.2.  The resultant plasmids were transformed into XL1-Blue 
electrocompetent cells (Agilent Technologies, Inc.), resultant colonies were cultured, 
and plasmids were purified and the plasmid with the mutated sequence was 




2.4 E. coli manipulations 
2.4.1 E. coli transformation by electroporation 
E. coli electrocompetent cells used were Stratagene XL1-Blue Electrocompetent 
cells (Agilent Technologies, Inc).  Each tube of 100 μL of competent cells was 
thawed and gently mixed with 200 μL of 10% glycerol, and quickly frozen as 20 μL 
aliquots. For transformation, 2-5 μL of ligation products were mixed with 20 μL of 
competent cells and incubated on ice for 5 min. Electroporation was performed using 
BioRad Gene Pulser I at voltage of 1.8 kV, capacity of 25 µF and resistance of 200 Ω.  
All of the transformation mixture was plated onto one LB+ampicillin agar plate and 
incubated at 37°C overnight. 
2.4.2 Plasmid DNA extraction and analysis 
5 mL of overnight bacterial culture grown in LB+ampicillin medium was used for 
plasmid extraction. Plasmid DNA was purified using QIAprep Spin Miniprep Kit 
(QIAGEN), as instructed by the manufacturer’s manual.  Plasmid DNA obtained was 
analyzed by restriction enzyme digestion and agarose gel electrophoresis.  Plasmids 
with the desired insert were sequenced for final confirmation.  
2.5 C. albicans manipulations 
2.5.1 Transformation by electroporation 
C. albicans cells from an overnight culture of 10 mL were harvested and washed 
once with sterile distilled water.  The cells were then resuspended in 5 mL 1x LiAc-
TE (0.1 mM Lithium Acetate, 10 mM Tris-HCl pH 7.5, 1 mM EDTA) and  incubated 
on a shaker for 45 min at 30°C. 133 µL of 1 M dithiothreitol (DTT) were added to the 
culture and incubated at 30°C for another 15 min.  Cells were washed twice with 10 
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mL cold 1 M sorbitol.  The cell pellet was resuspended in equal volume of 1 M 
sorbitol.  For each transformation, 50 µl of cells were mixed with 5 µl of salmon 
sperm DNA and 10 µl of purified linearized DNA, and loaded into a 0.2 mm electro-
cuvette.  Electroporation was performed using BioRad Gene Pulser I at voltage of 
1.5 kV, capacity of 25 µF and resistance of 200 Ω.  The cells were then plated out on 
plates with selection medium. 
2.5.2 Transformation by heat-shock using the Fast-yeast transformation™ kit  
Heat-shock transformation of C. albicans was performed using the Fast yeast 
transformation™ kit (G-Bioscience, USA) according to the manufacturer’s protocol 
with some modifications.  C. albicans competent cells were prepared fresh for each 
transformation.   
1. Cells were grown at 30°C in 10 mL YPD (or 1x MalMM with the appropriate 
supplements) to log-phase (OD600 = ~ 0.8-1.0). 
2. 500 µL cells were pelleted at 500 g for 1 min and the supernatant was 
discarded.  The cell pellet was washed once with SDW and spun down again. 
3. 500 µL of Wash Solution was added to the cell pellet, resuspended and spun 
down.  Discard the supernatant. 
4. Add 50 µL of Competent Solution to resuspend the pellet.  The cells were now 
competent for transformation. 
5. 20 µL of linearized DNA was added to 50 µL of competent cells and mixed.  
500 µL of Transformation Solution was added and mixed thoroughly. 




7. The cells were pelleted and the supernatant discarded. The cell pellet was  
resuspended in 50 µL SDW and plated out on plates with selection medium. 
Incubate the plates at 30°C for 2-3 days. 
 
2.6 Bacterial protein expression and purification 
2.6.1 GST-tagged protein expression and purification 
To create GST-tagged proteins, the respective fragments of GIN4 were cloned into 
the plasmid pGEX-4T-1 (GE Healthcare) using BamHI and XhoI sites, and 
transformed into BL21 E. coli cells.  
GST-tagged protein was expressed and purified as follows: 
1. Inoculate E. coli cells to 10 mL LB+ampicillin liquid media for growth at 37°C 
overnight.   
2. The overnight E. coli culture was then inoculated into 800 mL LB+ampicillin 
medium at 1:100 dilution, and grown with shaking at 37°C to OD600 = 0.5 – 0.7. 
3. Add IPTG (isopropylthio-β-galactoside) to cell culture to a final concentration 
of 1 mM and grow for 4 h at 37°C and a shaker speed of ~200 rpm, or add 0.2 
mM IPTG for growth at 30°C overnight. 
4. Collect the cells and wash them 3 times with cold 1x PBS (Phosphate-buffer 
Saline). 
5. Resuspend the cell pellet in 2 volumes of chilled lysis buffer [1xPBS + 
cOmplete EDTA-free protease inhibitor cocktail tablets (Roche) + 1% Triton X-
100) and lyse cells by sonication on ice. 
6. Spin cells down at 15000 rpm, 4°C for 30 min.  Collect the supernatant to a 
new falcon tube. 
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7. Add 500 µL of pre-washed Gluthatione Sepharose 4B beads (washed 3 times 
with cold PBS) to cell lysate (1:50 volume), and incubate the mixture at 4°C 
overnight. 
8. Transfer the mixture to a disposable column; wash the beads 3 times with 10x 
beads volume of cold PBS. 
9. Replace the bottom cap, add 1mL of elution buffer (50 mM Tris-HCl, pH8.0 + 
150 mM NaCl +20 mM gluthatione) to the beads and incubate with gentle 
agitation on roller at 4°C, for 45 min.  Collect eluate. 
10.  Repeat twice with 500 µL of elution buffer. 
11.  Measure the protein concentration of the eluate using NanoDrop™-1000, 
Protein A280 (ND-1000 V3.7.1, Thermo scientific), using the elution buffer as 
blank. 
1x Phosphate-buffer Saline (PBS):  137mM NaCl, 2.7mM KCl, 10mM Na2HPO4 and 
1.8mM KH2PO4, adjust to pH 7.4. 
 
2.6.2 Coomassie Blue staining 
SDS-PAGE gels were washed once in deionized water and stained using 
InstantBlue™ stain (Expedeon), with gentle agitation at room temperature for 30 min.  
The background was removed by washes with deionized water at least three times 
with gentle agitations. 
2.7 In vitro phospholipids interactions 
Protein lipid overlay assay 
GST-Gin4CT and phospholipids interaction studies were carried out using 
commercially available PIPStripTM (Echelon Biosciences Inc.) according to the 
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manufacturer’s protocol.  The PIPstrips were blocked for 1 h in blocking solution [1% 
skim dry milk in Tris Buffered Saline-Tween (TBS-T)) at room temperature.  Next, the 
strips were incubated with purified GST-Gin4CT (12.5 nmol) in 5% bovine serum 
albumin (BSA) in TBS-T at 4°C overnight.  The strips were then probed with anti-
GST monoclonal antibody (Santa Cruz) at a dilution of 1:1000, followed by anti-
mouse IgG-peroxidase antibody at a dilution of 1:5000 (Sigma-Aldrich). Both 
antibodies were prepared with 5% in TBS-T.   ECL detection was carried out with 
SuperSignal West Pico Chemiluminescent Substrate (Pierce, Thermo Scientific). 
2.8 Protein biochemistry techniques 
 6x Protein Loading Dye: 30% v/v glycerol, 10% w/v sodium dodecyl sulfate 
(SDS), 9.3% w/v DTT, 0.012% w/v bromophenol blue, 50 mM Tris-HCl pH 6.8 
 SDS Running Buffer: 125 mM Tris, 460 mM glycine, 0.5% w/v SDS 
2.8.1 Cell disruption with bead beating method 
All cells were disrupted with the bead-beating method.  Three volumes of lysis buffer 
and 1 volume of glass beads were added to 1 volume of cell pellet; the cells were 
then lysed by 5 rounds of bead-beating at 5000 rpm for 45 s each using TOMY 
microsmash with cooling on ice for 1 min between rounds.  The lysed cells were 
precipitated by centrifugation at 14,000 g for 15 min, and the supernatant was 
obtained. 
2.8.2 BCA (bicinchoninic acid) protein assay  
Concentration of the protein lysate was estimated using Pierce™ BCA protein assay 
(Thermo Scientific).  Protein standards of 0.2 mg, 0.4 mg, 0.6 mg, 0.8 mg, and 0.9 
mg were prepared in the lysis buffer using the albumin standard ampules (2 mg/mL) 
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provided.  The working solution was prepared by mixing 50 parts of BCA reagent A 
to 1 part of BCA reagent B (50:1, reagent A: reagent B).  Each protein sample was 
diluted 1:50 in 50 µL; 1 mL of working solution was added to each sample, and 
incubated at 37°C for 30 min.  Protein standards were prepared with 50 µL of protein 
standard to 1 mL of working solution and incubated at 37°C for 30 min as well.  
Absorbance was measured at A562, using 50 µL of the lysis buffer and 1 mL of the 
working reagent as blank.  The readings of the protein standards were used to plot a 
standard curve, from which the equation of the line was used to calculate the protein 
concentration of the samples.   
2.8.3 Protein estimation using NanoDrop™ 
Protein lysates extracted using urea lysis buffer (ULB) (9 M Urea, 4% CHAPS, 1.5 M 
Tris (pH9.5) was measured using NanoDrop™ (ND-1000 V3.7.1, Thermo Scientific) 
with ULB as blank. 
2.8.4 Time-course analysis of in vivo protein phosphorylation by Western blot 
analysis 
To determine the Gin4-HFM phosphorylation states in yeast and hyphae, G1 yeast 
cells were obtained by centrifugal elutriation and released into 1x GMM 
supplemented with histidine for yeast growth at 30°C, or into 1x GMM containing 20% 
serum to induce hyphae growth at 37°C.  Aliquots of culture were collected at 30-min 
intervals and the cells were pelleted and frozen on dry ice immediately.  Cells were 
lysed in 3 volumes of ULB containing 50 mM DTT and protease inhibitor cocktail 
(Roche).  Protein concentration was measured with NanoDrop™, and equal amount 
of total protein was mixed with 1x protein loading dye and loaded onto a 7.5% SDS-
PAGE gel to be separated by gel electrophoresis. Western blot analysis was 
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performed with Myc antibodies (1:1000, Roche) as the primary antibody and 
detected with anti-mouse IgG-HRP antibodies (1:1000, Sigma-Aldrich); anti-
PSTAIRE antibody (1:3000, Santa-Cruz Biotechnology) was used as the loading 
control, and detected with anti-rabbit IgG-HRP antibodies (1:5000, Santa-Cruz 
Biotechnology). 
2.8.5 Treatment of proteins with lambda protein phosphatase (λPP)  
For λPP treatment of proteins, the proteins were first immuoprecipitated (IP) from cell 
extracts. For IP, cell lysates were routinely extracted with lysis buffer (LyB) 
containing 150 mM NaCl, 1% Triton X-100, 50 mM Tris Hcl (pH8.0), cOmplete 
EDTA-free protease inhibitor cocktail tablets (Roche) and phosSTOP phosphatase 
inhibitor cocktail tablets (Roche).  Protein concentration was estimated using 
Pierce™ BCA protein assay kit (Thermo Scientific).  A total amount of 5 mg of 
proteins was used for IP. 20 µL of antibody-conjugated beads (EZview™ Red ANTI-
FLAG® M2 Affinity Gel, Sigma-Aldrich) were added to each sample and incubated at 
4°C for 2 h.  Samples to be treated with λPP (New England Biolabs) was washed 
once with lysis buffer without phosphatase inhibitor, and resuspended in 1x 
NEBbuffer, 1 mM MnCl2 and 1 unit of λPP and incubated at 30°C for 30 min. The 
reaction is terminated by two washes with LyB and boiling in 1x protein loading dye.  
The samples were loaded onto a SDS-PAGE gel for separation, and the protein of 
interest was detected with Western blot analysis using appropriate antibodies.   
2.8.6 Western blot analysis 
Proteins were transferred onto PVDF membranes after SDS-PAGE.  PVDF 
membrane was charged with methanol for 1 min, before equilibration in transfer 
buffer (125 mM Tris-base, 460 mM glycine, 20% v/v methanol) for 30 min.  Protein 
53 
 
transfer was carried out at a constant voltage of 120 V for 90 min using Tris-glycine 
transfer buffer (125 mM Tris-base, 460 mM glycine, 20% v/v methanol, 0.1% SDS). 
2.8.7 Antibody preparations 
All antibodies were prepared in 5% BSA in PBS-T (1x PBS, 0.1% v/v Tween-20).  
Primary antibodies were prepared as 1:1000 dilutions; secondary antibodies were 
prepared as 1:3000-5000 dilutions.   
2.8.8 Antibody stripping from PVDF membrane 
To strip the antibodies from the PVDF membrane for probing with a second antibody, 
the membrane was first rehydrated and washed three times (5 min each) with PBS-T, 
before the addition of 10 mL of Restore™ Western blot stripping buffer (Thermo 
scientific) and shaking at room temperature for 30 min. The membrane was then 
washed 3 times with PBS-T, 10 min each, and re-blocked with 10% milk in PBS-T at 
4°C overnight, before probing with another antibody.  
2.8.9 In vitro kinase assay (Non-radioactive) 
Bacterial expression of GST-Gin4354-659 was induced and purified for use as the 
substrate of Cdc28. The region of GIN4 encoding amino acids 354-659 that contains 
many CDK sites were PCR-amplified and cloned into pGEX-4T-1 GST expression 
vector (GE healthcare Bio-sciences) at the BamHI and XhoI sites. The construct was 
transformed into BL-21 E. coli strain.  GST expression was induced and GST-
Gin4354-659 was purified as previously described.  
For in vitro kinase assay, Cdc28/Clb2-3xHA was purified from log-phase cells 
using HA antibody-conjugated agarose beads (Sigma Aldrich).  The beads were 
washed thrice with 5 volumes of wash buffer [50 mM Tris, pH7.5, 1 M NaCl, 1% 
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Triton-X, cOmplete EDTA-free protease inhibitor cocktail (Roche)]. 10 µL of purified 
GST-Gin4354-659 and 20 µL of agarose beads-bound Cdc28/Clb2-3xHA were 
incubated together on ice for 5 min. 18 µL of TBTMD kinase buffer (50 mM Tris, 
pH7.5, 10 mM MgCl2, 1 mM DTT, 1 mM EGTA, 0.1% Tween-20 and 1 mM glycerol 
phosphate) and 2 µL of 100 mM ATP were added to the reaction, which was then 
incubated at 30°C for 30 min.  The reaction was terminated by adding 1x protein 
loading dye and boiling twice for 5 min each.  
2.8.10 In vitro kinase assay (Radioactive) 
In vitro kinase assay was carried out with immunopurified Gin4.  Proteins were 
extracted from 1 L of log-phase cell culture expressing GFP-Gin4 using lysis buffer 
containing 50 mM Tris-HCl (pH 7.5), 1% NP-40, 1 M KCl and cOmplete EDTA-free 
protease inhibitor cocktail (Roche).  The cell lysate was incubated with 20:1 (lysate 
volume: beads volume) beads volume of GFP antibody-conjugated agarose beads 
(Santa Cruz Biotechnology), at 4°C for 2 h.  The beads were then washed four times 
in the lysis buffer, and pre-washed once with the 1x TBTMD kinase buffer.  The 
beads were then resuspended in 200 µL of 1x TBTMD buffer containing 10 µL of [γ-
32P] ATP (6000 Ci/ mmol) and incubated at 30°C for 30 min.  The reaction was 
terminated by washing twice with 400 µL 1x TBTMD buffer and boiling with 1x 
protein loading dye for 5 min.  Phosphorylated proteins were separated by SDS-
PAGE and visualized by autoradioagraphy.   
For Cdc28-as1 in vitro phosphorylation of GST-Gin4354-659, Cdc28-as1/Clb2-
Myc was IP-ed using Myc antibody-conjugated agarose beads as previously 
described for the IP of GFP-Gin4, but in the presence of 1 M KCl.  Equal amount of 
purified Cdc28-as1/Clb2-Myc was used to phosphorylate 4 µg of GST-Gin4354-659 in 
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the presence of 25 µM 1NM-PP1 in DMSO or DMSO alone.  The reaction was 
terminated by boiled with 1x protein loading dye. The phosphorylated proteins were 
separated by SDS-PAGE and visualized by autoradiography. 
2.8.11 Immuno-affinity purification and mass spectrometry analysis of Gin4-
septin complex 
The Gin4-septin complex was purified from 3 L of log-phase culture and extracted in 
12 mL of lysis buffer containing 1 M KCl [50 mM Tris-HCl (pH 7.5), 1% NP-40, 1 M 
KCl, PhosSTOP phosphatase inhibitor cocktail tablets (Roche) and cOmplete EDTA-
free protease inhibitor cocktail tablets (Roche)]. The cell lysate was mixed with 400 
µL of GFP antibody-conjugated agarose beads (Santa Cruz Biotechnology) and 
incubated at 4°C for 2 h.  The beads were then washed four times with the lysis 
buffer containing 1 M KCl.  The precipitated proteins were eluted by the addition of 
5x loading dye and boiling for 5 min.  The protein sample was concentrated by 
freeze-drying (SpeedVac Concentrator, Thermo scientific), and separated by SDS-
PAGE.  The resultant gel was stained with Coomassie Blue and the protein bands 
were excised for mass spectrometry protein identification and phospho-mapping as 
previously described (Sinha et al., 2007).   
2.9 Time-lapse and fluorescence Microscopy 
2.9.1 Fluorescence microscopy 
For microscopic imaging, a Leica DMRXA2 microscope with 100 x objectives and a 
Hamamatsu digital camera interfaced with METAMORPH software (Universal 
Imaging) were used.  Cell morphology and GFP localization were visualized in living 
cells without fixing. Differential interference contrast (DIC) optics was used to 
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examine cell morphology.  GFP and mCherry fluorescence was visualized by using 
the appropriate fluorescence setting and filters. To visualize the nucleus, cells were 
stained using mounting medium containing DAPI (Vectashield®).   
2.9.2 Time-lapse microscopy 
Time-lapse microscopy was performed on an inverted confocal laser LSM700 
microscope (Carl Zeiss), with attached temperature chamber, and a photometrics 
coolsnap HQ2 digital camera interfaced with METAMORPH software (Universal 
Imaging).  1x GMM with 2% agarose or 1x MalMM with 2% agarose was spotted on 
glass slides.  Live cells were mounted onto the agar, covered with cover slips and 
sealed.   
2.9.3 Fluorescence Recovery after Photobleaching (FRAP) 
FRAP was carried out on an inverted confocal laser LSM700 microscope (Carl 
Zeiss).  The septin ring was bleached with a 488 nm laser for 25 iterations at 50% 
intensity.  After the bleaching, images were taken every 30 seconds.  Fluorescence 
intensity was analyzed using ImageJ (http://rsb.info.nih.gov/ij/).  At least ten 
individual recovery curves were analyzed for each strain; average values of the 
bleached region of the septin ring were analyzed.  A reference cell in the imaging 




Table 2.1 : Candida abicans strains used in this study 
Strains Genotypes Source 









Sinha et al. 
2007 
LCR6 CDC28/CDC28-6MYC-ARG4 Li et al. 2008 
LCR42 GIN4/gin4∆::flp Li et al. 2012 
CR62 GIN4/gin4∆::ARG4 WY Lab 
LCR47 GIN4/gin4∆::flp 6MYC-Gin4-URA3 Li et al. 2012 
LCR73 SEP7/SEP7-GFP-ARG4 Li at al. 2012 
LCR74 GIN4/GIN4-mCherry-URA3 CDC12/CDC12-GFP-ARG4 Li at al. 2012 
JY1 GIN4/GIN4-HFM-URA3 This study 
JCB64 CLB2/CLB2-HA-URA3 
Bensen et al. 
2005 
JCB77 CLB4/CLB4-HA-URA3 
Bensen et al. 
2005 
LCR40 CLB2/CLB2-HA-URA3 GIN4/GFP-GIN4-ARG4 Li et al. 2012 
LCR41 CLB4/CLB4-HA-URA3 GIN4/GFP-GIN4-ARG4 Li et al. 2012 
LCR82 cdc28Δ::HIS1/cdc28
F85G
-ARG4 CLb2/CLB2-6MYC-URA3 Li at al. 2012 
JY2 cdc28Δ::HIS1/cdc28
F85G
-ARG4 GIN4/GIN4-HFM-URA3 This study 
JY3 gin4Δ::ARG4/gin4374-466Δ -GFP-URA3 This study 
JY4 gin4Δ::ARG4/gin4443-466Δ -GFP-URA3 This study 
JY5 gin4Δ::ARG4/GIN4-GFP-URA3 This study 
LCR39 CDC28/CDC28-6MYC-ARG4 GIN4/GFP-GIN4-URA3 Li et al. 2012 
LCR44 gin4∆::flp/GFP-GIN4-URA3 Li at al. 2012 
LCR45 gin4∆::flp/GFP-gin4-10A-URA3 Li at al. 2012 
LCR46 gin4∆::flp/GFP-gin4-10E-URA3 Li at al. 2012 
LCR50 gin4∆::flp/GFP-GIN4-URA3 SEP7/SEP7-6MYC-ARG4 Li at al. 2012 
LCR51 gin4∆::flp/GFP-gin4-10A-URA3 SEP7/SEP7-6MYC-ARG4 Li at al. 2012 
LCR52 gin4∆::flp/GFP-gin4-10E-URA3 SEP7/SEP7-6MYC-ARG4 Li at al. 2012 
LCR53 gin4∆::flp/6MYC-GIN4-URA3 SEP7/SEP7-GFP-ARG4 Li at al. 2012 
LCR54 gin4∆::flp/6MYC-gin4-10A-URA3 SEP7/SEP7-GFP-ARG4 Li at al. 2012 
LCR55 gin4∆::flp/6MYC-gin4-10E-URA3 SEP7/SEP7-GFP-ARG4 Li at al. 2012 
LCR65 gin4∆::flp/6MYC-GIN4-URA3 CDC12/CDC12-GFP-ARG4 Li at al. 2012 
LCR66 gin4∆::flp/6MYC-gin4-10A-URA3 CDC12/CDC12-GFP-ARG4 Li at al. 2012 












Li et al. 2012 
LCR71 gin4∆::flp/GFP-GIN4-URA3 Li at al. 2012 
LCR72 gin4∆::flp/GFP-gin4
K57A
-URA3 Li at al. 2012 
LCR43 gin4∆::flp/PMAL2-GIN4-HIS1  Li at al. 2012 
LCR56 gin4∆::flp/PMAL2-GIN4-HIS1 CDC12/CDC12-GFP-URA3 Li at al. 2012 
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LCR57 gin4∆::flp/PMAL2-GIN4-HIS1 SEC3/GFP-SEC3-URA3 Li at al. 2012 
LCR58 gin4∆::flp/PMAL2-GIN4-HIS1 SPA2/SPA2-GFP-URA3 Li at al. 2012 




Li at al. 2012 
LCR80 sep7∆::HIS1/sep7∆::URA3 GIN4/GFP-GIN4-ARG4 Li at al. 2012 
JY6 gin4∆::flp/PMAL2-GIN4-HIS1 MET3-GFP-Gin4-URA3 This study 





















































JY16 gin4∆::flp/PMAL2-GIN4-HIS1 PMET3-GFP-gin41151-1349-URA3 This study 
JY17 gin4∆::flp/PMAL2-GIN4-HIS1 PMET3-GFP-gin41251-1349-URA3 This study 
JY18 gin4∆::flp/PMAL2-GIN4-HIS1 PMET3-GFP-gin41151-1250-URA3 This study 
JY19 gin4∆::flp/PMAL2-GIN4-HIS1 PMET3-GFP-gin41151-1217-URA3 This study 





























































































































JY52 gin4∆::flp/PMAL2-GIN4-HIS1 PMET3-GFP-gin4451-650-URA3  This study 
JY53 gin4∆::flp/PMAL2-GIN4-HIS1 PMET3-GFP-gin4451-550-URA3  This study 











Table 2.2: Primers used in this study  
Oligonucleotides Sequence (5’ to 3’) 
  Primers for C-terminal gene tagging 
 
Gin4-KpnIF: aaaggtaccccaaatccgaattacaagacgaagaaacc  
Gin4-XhoIR: aaactcgagtttatctaaaacaccttctttgagtaagacc  
Sep7-KpnIF: cggggtaccccatttgctgttgtcacgtcag  
Sep7-SalIR: acgcgtcgacatgattgcttacaatcgaatgtaaatc  
Cdc12-KpnIF: gggggtaccgcaaatttgcctaatcaaagg  
Cdc12-XhoIR: gggctcgagacgtttagcaatttgcaacct  
Tem1-KpnIF: tatatatatataggtaccatggaagaagataatcaacaggatc  
Tem1-XhoIR:  tatatatatatactcgagcttatatatcaatatgggttccccc  
  









Gin4CT1.3-NarIF: catatatatattggcgcccatgatgatagtgttccaccac  
Gin4CT1.3-PstIR: catatatatactgcaggttgaattttctaatttcagcagcagatgg  
Gin4CT1.3.1-
PstIR: catatatatactgcagtggtaattgttgttgagtcgtggtattagtggc  
Gin4CT1.3.2-
PstIR: catatatatactgcagtctttttggatccacttctggtggaggg  
Gin4CT2-NarIF: catatatatattggcgccgcatctgaagaattgacattgg  
Gin4CT2-PstIR: catatatatattctgcagctttggcaaatcaggaactttgg  
Gin4CT2.1-PstIR: catatatatattctgcagagaattcaaatcacggtatgattcc  
Gin4CT2.2-PstIR: catatatatattctgcagtctcctgttgacacggccttggtcc  
Gin4CT3-NarIF: catatatatattggcgcctcaccatacagatcaccttatagatcacc    
Gin4CT3-PstIR: catatatatactgcagatgatttccttcagataatgctcttaaagcgg 
Gin4CT3.1-PstIR: catatatatactgcagatagtcttcttgattaaatattttgtcacac  
61 
 
Gin4CT3.2-PstIR: catatatatactgcagattttcagggacttgacttaaagcagg  
Gin4CT3.3-NarIF: catatatatatattggcgcccctattgttgatgaatcccctgatttaa  
Gin4CT3.3-PstIR: catatatatactgcagatagtcttcttgattaaatattttgtcaca  
Gin4CT3.3del-F: cctgctttaagtcaagtccctgaaaatgacgaagaagacgaacaatt  
Gin4CT3.3del-R: aattgttcgtcttcttcgtcattttcagggacttgacttaaagcagg  
 
 
 Primers for GST tagging  
 
Gin4CT1-BglII-F: tattagatctaatgattatgatgacacatttgtcag  
Gin4CT1-XhoI-R: tatactcgagtttatctaaaacaccttctttgagtaa 
Gin4CT14S-XhoI-R: tatactcgagtttatctaaaacaccttcgctgagtaa 





Gin4-10CDK∆-R:  ctttgtgaatttgatcttctattgttattagtgttatcttcttgattatgcttgtatct  
Gin4-6CDK∆-F: tctgtggcttcctcggccaacaatagatattcatataatcaatcc  















Oligonucleotides Sequence (5’ to 3’) 
  





































Cyclin-dependent kinase regulates septin organization through cell-cycle 
dependent phosphorylation of Gin4 
 
 The cell cycle is a coordinated process that is controlled by cyclin-dependent 
kinases (CDKs) (Jackman and Pines, 1997; Morgan, 1997; Reed, 1997).  In S. 
cerevisiae, cell cycle progression is driven by the CDK Cdc28 which is the central 
player controlling processes such as morphogenesis, DNA replication, chromosome 
segregation and cytokinesis (Enserink and Kolodner, 2010; Howell and Lew, 2012; 
Nasmyth, 1993; Wittenberg and Reed, 1988).  Studies in S. cerevisiae have 
contributed most of our current understanding on the CDKs.  Cellular procresses 
controlled by Cdc28 are evolutionarily conserved (Enserink and Kolodner, 2010).  
The identification of CDK substrates has provided key insights on how these diverse 
processes are regulated (Enserink and Kolodner, 2010; Holt et al., 2009; Ubersax et 
al., 2003).   
 The human fungal pathogen C. albicans is able to grow as at least three 
morphological forms, yeast, pseudohyphae and true hyphae (Berman, 2006; 
Sudbery et al., 2004).  The CDK Cdc28 plays a crucial role in the control of the 
yeast-to-hyphal transition (Wang, 2009). Furthermore, the identification of the 
hyphal-specific G1 cyclin Hgc1 in C. albicans has unveiled new CDK substrates and 
novel mechanisms of control (Zheng et al., 2004).  The substrates of Hgc1-Cdc28 
are involved in the key aspects of hyphal growth such as initiation of germ tube 
polarization (Zheng et al., 2007), vectorial secretion (Bishop et al., 2010), septin 
dynamics, and the inhibition of cell separation (Gonzalez-Novo et al., 2008).  The 
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Cdc42 GAP Rga2 undergoes inhibitory phosphorylation by Hgc1-Cdc28 excluding it 
from the hyphal tip, which is crucial for the high concentration of Cdc42 at the hyphal 
tip required for hyphal polarization in C. albicans (Zheng et al., 2007). CDK 
phosphorylation of Cdc42 GAPs was also identified in S. cerevisiae to regulate bud 
growth in a similar manner (Knaus et al., 2007; Sopko et al., 2007). 
 The septins are a family of GTP-binding proteins that can assemble into 
hetero-oligomers and form long filaments (Bertin and Nogales, 2012; Oh and Bi, 
2011; Weirich et al., 2008). The septins are best studied for their role in cytokinesis 
(Longtine and Bi, 2003; Longtine et al., 1996; Weirich et al., 2008). Both S. 
cerevisiae and C. albicans have the same set of mitotic septins, namely Cdc3, 
Cdc10, Cdc11, Cdc12 and Shs1/Sep7, among which Cdc3 and Cdc12 are essential 
(Finger, 2005; Warenda and Konopka, 2002).  During yeast growth, the septins 
undergo cell cycle-regulated changes in their organization (McMurray and Thorner, 
2009; Oh and Bi, 2011; Weirich et al., 2008).  Septins dynamics within the septin ring 
also changes in a cell-cycle dependent manner (Dobbelaere et al., 2003; Gonzalez-
Novo et al., 2008).  However, the mechanisms governing these transitions are poorly 
understood. Post-translational modifications of the septins have been postulated to 
regulate septin assembly and organization (Hernandez-Rodriguez and Momany, 
2012; Longtine and Bi, 2003).  Several proteins have been shown to phosphorylate 
the septins.  In S. cerevisiae, Cdc28 directly regulates the septins by phosphorylating 
Cdc3 in G1 to disassemble the old septin ring (Tang and Reed, 2002), while Shs1 
phosphorylation by Cdc28 in G1 mediates its association with Gin4 (Egelhofer et al., 
2008).  Cdc28 also indirectly regulates the septins through Cdc42 by activating its 
GEF Cdc24 and inhibits its GAPs (Gulli et al., 2000; Knaus et al., 2007; Sopko et al., 
2007).  Active Cdc42 then recruits septins to the presumptive bud site (Caviston et 
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al., 2003; Gladfelter et al., 2002; Iwase et al., 2006).  Other kinases such as Gin4 
and Cla4 have been shown to phosphorylate Cdc3, Cdc10 and Shs1 as well (Asano 
et al., 2006; Dobbelaere et al., 2003; Mortensen et al., 2002; Versele and Thorner, 
2004).   In C. albicans, Gin4 directly phosphorylates Cdc11 to prime it for further 
phosphorylation by Cdc28 during hyphal growth (Sinha et al., 2007).  In both S. 
cerevisiae and C. albicans, deletion of GIN4 affects the septin ring assembly 
(Longtine et al., 1998; Mortensen et al., 2002; Wightman et al., 2004), although Gin4 
seems to play a more essential role in C. albicans (Wightman et al., 2004).  GIN4 
deletion in C. albicans results in septin disorganization, cell elongation as well as 
nuclear division and cytokinetic defects (Wightman et al., 2004).  These observations 
indicate conservation in the role of Gin4 as a septin regulator.  However, how CDKs 
and Gin4 coordinate to regulate septin organization and function during the cell cycle 





3.1 C. albicans Gin4 contains nine perfect CDK sites at close proximity to one 
another 
In search of Cdc28 substrates in C. albicans, Gin4 was found to contain nine 
perfect CDK consensus sites (S/T-P-X-K/R, where X is any amino acid) (Ubersax et 
al., 2003) located within a low complexity region, that exist as a cluster C-terminal to 
its kinase domain in a region of 105 amino acids (374-477).  Interestingly, six of the 
CDK sites are in tandem (Fig. 3.1).  As such close clustering of full CDK sites at 
region of low complexity is often indicative of canonical CDK substrates; we 







Fig. 3.1 Schematic representation of the perfect CDK sites identified on CaGin4. 
Nine perfect CDK sites (S/T-P-X-K/R) were identified on Gin4, C-terminal to the kinase 
domain (aa: 28-288); among which six exist in tandem (S443,S447,S451,S455,S459 






3.2 CaGin4 is a phospho-protein and its phosphorylation is cell-cycle 
regulated 
 
In S. cerevisiae, Gin4 is phosphorylated and activated during mitosis (Carroll 
et al., 1998; Mortensen et al., 2002).  To investigate if C. albicans Gin4 is 
phosphorylated in a cell-cycle dependent manner, Gin4 was tagged with the HFM-
tag at the C-terminus. G1 cells expressing Gin4-HFM were isolated using centrifugal 
elutriation and then released into yeast- or hyphal-inducing growth conditions. 
Aliquots of cells were collected every 30 min, and Gin4’s phosphorylation status was 
examined by WB analysis using anti-Myc antibodies (α-Myc) to detect the tagged 
Myc-epitope on Gin4. Figure 3.2b shows that during yeast growth, Gin4-HFM was 
barely detectable at 0, 30, and 60 min but was detected as a clear band at 90 min, 
which corresponds to the time of bud emergence according to the budding index (Fig. 
3.2a).  At later times up to 210 min, Gin4-HFM was detected as a broad band with a 
trailing smear of more slow-migrating forms on a WB, and its amount also increased 
significantly. As the levels of Cdc28 are constant, the WB was probed with α-
PSTAIRE, which detects CDKs, as a loading control.  The results indicate that the 
cellular level of Gin4 is controlled in a cell-cycle dependent manner (Fig. 3.2b). A 
previous study also reported low levels of Gin4 in early G1 cells of C. albicans 
(Wightman et al., 2004). This is in contrast to S. cerevisiae Gin4 whose protein levels 
remained constant throughout the cell cycle (Altman and Kellogg, 1997).  The cell-
cycle dependent regulation of the cellular levels of Gin4 was also observed during 
hyphal growth (Fig. 3.2c), except that Gin4 levels decreased significantly at 180 and 
210 min, which was around the end of the cell cycle according to the budding index 
(Fig. 3.2a). The data suggest differential regulation of intracellular levels of Gin4 
during yeast and hyphal growth.  
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 The detection of Gin4 as a broad band with a trailing smear through most of 
the cell cycle in both yeast and hyphal cells suggest that Gin4 is likely to be 
phosphorylated. To confirm this idea, Gin4-HFM was immunoprecipitated (IP-ed) 
from both yeast and hyphal cell lysates using α-FLAG beads.  Duplicate samples 
either untreated or treated with λ phosphatase (λPP) were used for Western blot 
(WB) analysis.   Figure 3.2d shows that the treatment with λPP abolished the slower-
migrating forms of Gin4-HFM and converted the broad band to a sharp band, 
indicating that the slower-migrating smear was due to phosphorylation of Gin4. To 
gain evidence that Gin4 is phosphorylated at the CDK sites, we repeated the WB 
analysis using α-PScdk antibody that specifically detects phosphorylated-serine 
residues within perfect CDK phosphorylation motifs (Cell signaling #2324). Figure 
3.2e shows that Gin4 was detected from 60 min onwards. However, at 60-90 min 
when majority of the cells were in late G1 stage, Gin4 was detected only by α-Myc as 
a sharp band but not detected by α-PScdk, indicating that Gin4 was not 
phosphorylated at the CDK sites in G1.  At 120 min, when majority of the cells had 
budded, Gin4 was detected by both α-Myc and α-PScdk; and the detected Gin4 
bands appeared as a smear, indicative of Gin4 hyperphosphorylation (Fig. 3.2e).  
Gin4 continued to be detectable by both antibodies throughout the cell cycle, until 
~210 min, when there was a decreased in both the cellular levels and the extent of 
phosphorylation. These observations indicate that Gin4 phosphorylation occurs at 





















Fig. 3.2  C. albicans Gin4 is a phosphoprotein and its phosphorylation is cell cycle 
regulated in both yeast and hyphal cells. 
 
(a) G1 cells were released for yeast growth at 30°C, the cells were collected at the 
indicated time-points and the budding index was obtained by counting the percentage of 
cells with a bud (n = 200 cells). To investigate the phosphorylation status of Gin4, 
elutriated G1 cells expressing Gin4-HFM (JY1) were released for either (b) yeast or (c) 
hyphal growth, and samples were collected every 30 min. WB analysis was performed 
with α-Myc; α-PSTAIRE was used to detect Cdc28 as loading control. 
 
(d) λPP treatment abolished the slower migrating forms of Gin4 in both yeast and hyphal 
cells. 
 
(e) Elutriated G1 cells of Myc-GIN4 (LCR47) was released for yeast growth at 30°C. 
Samples were collected at 30-min intervals. α-Myc IP was performed and followed by WB 









3.3 Gin4 is a Cdc28 substrate 
 
As shown above, Gin4 phosphorylation can be detected by α-PScdk in a cell-
cycle dependent fashion. Next, to gain more evidence that Cdc28 directly 
phosphorylates Gin4, Gin4 phosphorylation was examined in the presence or 
absence of Cdc28 kinase activity.  To do this, Gin4 was tagged with HFM in a cdc28-
as1 strain.  Cdc28-as1 is an analogue-sensitive mutant of Cdc28, whose activity can 
be specifically inhibited by the compound 1NM-PP1. In the absence of 1NM-PP1, 
Cdc28-as1 has normal activity indistinguishable from the WT Cdc28 (Bishop et al., 
2000). Elutriated cdc28-as1 G1 cells expressing Gin4-HFM were grown under yeast 
growth conditions in the presence or absence of 1NM-PP1 before WB analysis of 
Gin4 phosphorylation.  As Cdc28 is the master regulator of the cell cycle, inhibiting 
Cdc28 causes cell cycle arrest. Due to this, it is difficult to distinguish if observed 
changes in Gin4 in the presence of 1NM-PP1 are the result of direct inhibition of 
Gin4 phosphorylation by Cdc28 or an indirect consequence of cell cycle arrest. 
Therefore, 1NM-PP1 was not added to the cell culture from the start; instead aliquots 
of the synchronous cultures were collected every 30 min and then grown for 30 more 
minutes in the presence or absence of 1NM-PP1.  In the control cells, at 120 min, 
Gin4 was detected as a broad band with a trailing smear, indicating Gin4 
phosphorylation (Fig. 3.3).  In comparison, in the 1NM-PP1-treated cells at 120 min, 
Gin4 was found as a sharp band, demonstrating that Gin4 phosphorylation was 
inhibited. Interestingly, Gin4 phosphorylation was not significantly affected by the 
addition of 1NM-PP1 at 150 and 180 min.  The results seem to suggest that Cdc28 
may be directly responsible for Gin4 phosphorylation at the time around or soon after 
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bud emergence, which could activate Gin4 auto-phosphorylation and further 












Fig 3.3  Inhibition of Cdc28 kinase activity affects Gin4 phosphorylation in a cell-cycle 
dependent manner. 
Gin4 phosphorylation was examined in cdc28-as1 cells in the absence or presence of 1NM-
PP1.  Elutriated G1 cells of cdc28-as1 GIN4-HFM (JY2) was released into yeast growth at 
30°C.  Samples were collected at 30-min intervals and divided into two parts, one was grown 
in medium containing 25 µM of 1NM-PP1 and the other in drug-free medium for 30 min.  The 
samples were then subjected to WB analysis of Gin4. Cdc28 was detected with α-PSTAIRE 







3.4 Cdc28 can phosphorylate Gin4 on the CDK sites in vitro 
 
 Gin4 contains nine perfect CDK sites between aa 374-476.  To determine if 
these sites can be phosphorylated by Cdc28, an in vitro kinase assay was carried 
out.  The Gin4 fragment of aa 354-659 was expressed as GST fusion protein in E. 
coli. Purified GST-Gin4354-659 was used as the substrate in the in vitro kinase assay 
with immunopurified Cdc28/Clb2-HA. For control, the unphosphorylatable GST-
Gin4354-659A fragment, whereby the S/T of the CDK sites were mutated to alanine, 
was similarly prepared.  Immunopurified Cdc28/Clb2-HA was incubated with GST-
Gin4354-659 and GST-Gin4354-659A in the presence of ATP. The reaction products were 
separated by SDS-PAGE, and the phosphorylation at CDK sites was detected by 
WB using α-PScdk.  As shown in Figure 3.4a, α-PScdk strongly detected GST-
Gin4354-659 but not GST-Gin4354-659A.  The same blot was stripped and probed with α-
GST, and both GST-Gin4354-659 and GST-Gin4354-659A were detected, showing equal 
loading. The results demonstrate that Cdc28 can directly phosphorylate Gin4 in vitro.   
To further confirm that Cdc28 can directly phosphorylate Gin4, the above 
kinase assays were repeated by using immunopurified Cdc28-as1/Clb2-6Myc in the 
absence or presence of 1NM-PP1.  Phosphorylation of purified GST-Gin4354-659 was 
carried out in the presence of [γ32-P] ATP and detected by autoradiography after 
SDS-PAGE of the phosphorylation products.  In the absence of 1NM-PP1, the 
Cdc28-as1/Clb2-6Myc complex was able to phosphorylate GST-Gin4354-659 (Fig. 
3.4b), while the phosphorylation was not detected when 1NM-PP1 was included in 
the reaction mix.  These results confirm that Cdc28 is able to phosphorylate Gin4 at 









Fig. 3.4 Cdc28 can directly phosphorylate Gin4 at the CDK sites in vitro. 
(a) Purified GST-fusion proteins of Gin4354-659A and Gin4354-659 were used as the 
substrate for in vitro kinase assay with immunopurified Cdc28/Clb2-HA (JCB64).  The 
reaction products were separated by SDS-PAGE and detected using α-PScdk and α-
GST antibodies. 
 (b) The kinase assay was performed with immunopurified Cdc28-as1/Clb2-6Myc 
(LCR82) in the absence and presence of the inhibitor 1NM-PP1 and using GST-
Gin4354-659 as the substrate. The reaction mix contained [γ32-P] ATP and Gin4 








3.5.1 Gin4 associates directly with Cdc28 and the mitotic cyclins 
 
S. cerevisiae Gin4 has been shown to interact with Cdc28 and work in the 
same pathway involving the mitotic cyclin Clb2 (Altman and Kellogg, 1997; Okuzaki 
et al., 1997).  To investigate if C. albicans Gin4 is able to associate with Cdc28, co-
IP was carried out in a strain co-expressing GFP-Gin4 and Cdc28-Myc.  As negative 
control, a strain expressing Cdc28-Myc alone was used.  IP was performed with α-
GFP-conjugated beads and followed by WB with α-Myc. In the strain co-expressing 
GFP-Gin4 and Cdc28-Myc, α-Myc detected a protein corresponding to the molecular 
weight of Cdc28-Myc (Fig. 3.5a).  However, no band was detected in the negative 
control, indicating association of Gin4 and Cdc28 in vivo.  
 Next, we determined which cyclin mediates this Cdc28-Gin4 interaction.  To 
this end, we tagged the only two mitotic cyclins in C. albicans Clb2 and Clb4, each 
with three copies of HA (hemagglutinin-epitope) in a strain expressing GFP-Gin4.  
We found that IP of GFP-Gin4 with α-GFP-conjugated beads co-IPed both Clb2-HA 
and Clb4-HA (Fig. 3.5b). However, Clb2-HA showed a visibly stronger association 
with GFP-Gin4 than Clb4-HA. Clb2 was shown to be the major mitotic cyclin in C. 
albicans, possibly explaining the stronger interaction (Ofir and Kornitzer, 2010).  
Taken together, the results demonstrate that Gin4 is able to directly interact with 












Fig. 3.5 Gin4 associates directly with Cdc28 and the mitotic cyclins. 
(a) Cell lysates were obtained from yeast cells expressing CDC28-6Myc (LCR6) or 
CDC28-6Myc GFP-GIN4 (LCR39). IP was performed using α-GFP beads and WB 
was done using α-Myc. 
(b) Cell lysates were prepared from yeast cells expressing CLB2-HA GFP-GIN4 
(LCR40), CLB2-HA (JCB64), CLB4-HA GFP-GIN4 (LCR41) or CLB4-HA (JCB77), 








3.5.2 Mass spectrometry demonstrates that Gin4 is phosphorylated at the CDK 
sites 
To determine if the CDK sites in Gin4 are phosphorylated in vivo, GFP-Gin4 
was IP-ed, separated on a SDS-PAGE gel and excised for phospho-mapping by 
mass spectrometry (MS).  The MS results revealed phosphorylation at three perfect 
CDK sites (T397, S455 and S467) and four minimal CDK sites (S477, S556, S1217 
and T778) among dozens of Ser-P and Thr-P residues (Table 3.1).  These results 
showed that Gin4 is phosphorylated in vivo, and that some of the phosphorylation 





Table 3.1 Mass spectrometry mapping of phosphorylation sites in Gin4a 
 
Sequence of identified peptide 
 





RRQT*PVLTRR  T778 
RS*PYRSPYKS  S455 
RTS*IADRLDKA  S973 
RLLNS*QLNVRD  S891 
RYSYNQS*PTKS  S473 
RLSVLSMYST*KE  T941 
RTS*ATFAALCDKI  S634 
RS*GS*KYS*LNGT*PRR S388, S390, S393, T397 
KYPMS*NEDLIS*EKS  S294, S300 
RSNS*QRQFENEPLKA  S485 
KSS*IDELANGTSTSGHRK  S1098 
RYSYNQSPTKS*PYGRR  S477 
RASHISVSRPTS*FQYKS  S413 
RYS*YNQS*PTKS*PYGRR  S469, S473, S477 
KSMVSDES*S*AS*DDVFDKI  S1077, S1078, S1080 
RASHIS*VS*RPT*S*FQYKS  S407, S409, T412, S413 
KSMVS*DES*S*AS*DDVFDKI S1073, S1076, S1077, S1079 
KNDYDDT*FVS*NSDEVHKR  T1055, S1058 
RGNNSSGHDDS*VPPPPPAHKV S1153 
KST*KS*S*IDELANGTSTSGHRK  T1094, S1096, S1097 
KNDADPNNS*EQELVDEGIKQ  S719 
KNDYDDTFVS*NSDEVHKRQ  S1058 
RQPSIS*S*S*IMS*QSNHNHPQKI  S10, S11, S12, S15 
KLLET*SCGSPHYAAPEIVSGLKY  T191 
RALS*EGNHASEELTLEDVENLKR  S745 
KSELQDEET*EKNGDGLPYGIERE  T69 
KLPDGKS*T*KS*S*IDELANGT*STSGHRK  S1093, T1094, S1096, S1097, T1105 








Phosphorylation site mapping by tandem mass spectrometry was carried out as described previously (Sinha et al., 2007). 
 
*Asterisks indicate phosphoserine or phosphothreonine residues.  Consensus CDK phosphorylation sites are underlined. 
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3.6 Deletion of the CDK phosphorylation sites on Gin4 results in aberrant bud-
neck localization of Gin4 and an elongated cell morphology 
 
To study the physiological significance of Cdc28 phosphorylation at the 
perfect CDK sites on Gin4, we created two CDK-site deletion mutants (Fig. 3.6a):  
gin4374-466∆ in which all the nine perfect CDK sites were deleted, and gin4443-466∆ in 
which the six tandem perfect CDK sites were deleted.  Both C-terminally GFP-tagged 
mutant alleles were transformed into the GIN4/gin4∆ strain to replace the WT copy of 
GIN4, the CDK-site deletion mutant alleles were integrated into the GIN4 locus by a 
Bglll linearization site created at nt 843, upstream of the CDK sites.  The resultant 
strains gin49cdk∆ and gin46cdk∆ have the mutant allele as the sole source of GIN4.  
 We first investigated the morphological effects of deleting the CDK sites.  
gin4∆/∆ mutants grew as highly elongated cells with cell separation defects 
(Wightman et al., 2004).  As control, the WT Gin4 in the GIN4/gin4∆ strain was C-
terminally tagged with GFP. Microscopy did not show any obvious morphological or 
cell separation defects in gin46cdk∆ yeast cells (Fig. 3.6b); with Gin46cdk∆-GFP 
localizing to the bud neck in both small- and large-budded cells (Fig. 3.6b), 
suggesting that deletion of the six perfect CDK sites on Gin4 does not visibly affect 
Gin4 localization and function.  In comparison, gin49cdk∆ yeast cells exhibited 
phenotypic defects with elongated buds and failure in cell separation (Fig. 3.6b), 
although the defects were much milder than gin4∆/∆ cells.  Gin49cdk∆-GFP localized 
to the bud neck. However, unlike WT Gin4 that disassembles from the bud-neck 
upon cytokinesis, Gin49cdk∆-GFP persisted at the bud-neck and faint GFP 
fluorescence was detected at the septum from the previous cell division (Fig. 3.6b, 
arrows). The persistence of Gin49cdk∆-GFP at the bud neck could contribute to the 
cell-separation defects in these cells.  Taken together gin49cdk∆ resulted in cells with 
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elongated bud and cytokinetic defects, suggesting that the region containing all the 








Fig. 3.6 gin49cdk∆ results in elongated bud phenotype. 
(a) Schematic representation of the CDK sites deletion mutants.   
(b) Fluorescence microscopy images of WT GIN4-GFP (JY5), gin46cdk∆-GFP 
(JY4)and gin49cdk∆-GFP (JY3).  Arrows show Gin49cdk∆-GFP persistence at the 







3.7 Mutation of CDK sites on Gin4 causes morphological and cytokinetic 
defects 
 
Next, we created two mutants whereby all the S/T residues in the nine perfect 
CDK sites and an additional minimal CDK site (S477) were mutated to either alanine 
(A) or glutamine (E), yielding the nonphosphorylatable gin4-10A and the 
phosphomimetic gin4-10E mutants respectively.  Both Gin4-10A and Gin4-10E were 
N-terminally tagged with GFP and transformed into GIN4/gin4∆ strain, integrated into 
the GIN4 locus to replace the WT copy of GIN4.  Gin4-10A and Gin4-10E were 
expressed under its native promoter and is the sole source of Gin4 in the mutants.  
 We first examined the morphologies of gin4-10A and gin4-10E cells. Cells of 
both mutants displayed morphological and cell separation defects, forming elongated 
buds and chains of cells (Fig. 3.7a).  However, the defects in gin4-10A cells were 
markedly more severe than in gin4-10E cells. Furthermore, gin4-10A cells were 
considerably larger than both gin4-10E and WT cells.  The defects of gin4-10A cells 
were similar to those observed in the gin49cdk∆ mutant.  In spite of the morphological 
defects, both GFP-Gin4-10A and GFP-Gin4-10E localized to the bud neck normally 
(Fig. 3.7a). 
 As shown above, GFP-Gin49cdk∆ persisted at the bud neck after cytokinesis.  
Since gin4-10A cells showed similar morphological and cell-separation defects as 
gin49cdk∆ cells, we investigated if GFP-Gin4-10A persisted at the bud-neck after 
cytokinesis as well.  To do this, time-lapse microscopy of GFP-Gin4-10A, GFP-Gin4-
10E and WT GFP-Gin4 was performed.  Small-budded cells with visible GFP 
localization at the bud neck were selected as the starting point.  In WT cells, GFP-
Gin4 remained at the bud neck throughout the cell cycle until ~150 min when GFP-
Gin4 fluorescence was no longer detected, indicating the disassembly and 
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disappearance of Gin4 from the bud neck upon cytokinesis (Fig. 3.7b, arrow 1).  
However, GFP-Gin4-10A could still be visualized at the bud neck at 150 min (Fig. 
3.7b, arrow 2), as well as at 180 min.  In comparison, GFP-Gin4-10E fluorescence 
was no longer detectable at the bud neck at as early as ~120 min (Fig. 3.7, arrow 3).  
Together, the observations show that GFP-Gin4-10A, like Gin49cdk∆-GFP, fails to 
completely disassemble from the bud neck upon cytokinesis, suggesting 













Fig. 3.7 gin4-10E and gin4-10A cells have morphological and cytokinetic 
defects. 
(a) DIC and fluorescence microscopy images of GFP-tagged WT Gin4, gin4-10E 
and gin4-10A cells. 
(b) Time-lapse microscopy images of WT GFP-GIN4 (LCR44) , GFP-gin4-10A 
(LCR45) and GFP-gin4-10E (LCR46) cells.  Small-budded cells with visible GFP 
localization at the bud neck was selected as the starting point, images were 
obtained every 30 min and the time of disappearance of the GFP fluorescence 





3.8 Mutation of the CDK sites on Gin4 affects its kinase activity 
 
 As the CDK sites reside in close proximity to the kinase domain of Gin4, it is 
possible that phosphorylation by Cdc28 might directly regulate Gin4 kinase activity.  
In S.cerevisiae, Gin4 is known to autophosphorylate (Altman and Kellogg, 1997; 
Carroll et al., 1998; Mortensen et al., 2002), and thus we can assess the kinase 
activity of Gin4 by measuring the level of Gin4 autophosphorylation.  We first 
obtained G1 cells expressing GFP-Gin4, GFP-Gin4-10A or GFP-Gin4-10E by 
centrifugal elutriation and released them for yeast growth. We harvested aliquots of 
the synchronous cells at 90 min and 150 min for immunopurification of GFP-Gin4, 
GFP-Gin4-10A and GFP-Gin4-10E using α-GFP-conjugated beads.  The amounts of 
Gin4 proteins were first normalized on the basis of α--GFP WB analysis, and equal 
amounts of Gin4 were incubated in kinase reaction buffer containing [γ32-P] ATP at 
30°C for 30 min. Gin4 autophosphorylation was visualized by autoradiography after 
SDS-PAGE of the reaction products.  The phosphorylation level of Gin4 was 
normalized against the amount of Gin4 protein detected by α-GFP WB. As shown in 
Figure 3.8, at 90 min, the level of Gin4-10A autophosphorylation was less than 50% 
of that of WT Gin4.  At 150 min, the level of autophosphorylation of WT Gin4 was 
about 5-fold higher than that of Gin4-10A. (Fig. 3.8)  These results demonstrate that 
mutating the 10 CDK sites on Gin4 to alanine reduced the kinase activity of Gin4.  
 Surprisingly, at 90 min, Gin4-10E showed a significantly higher level of 
autophosphorylation compared with WT Gin4; whereas at 150 min, the level of Gin4-
10E autophosphorylation was lower than that of WT Gin4. We postulate that Cdc28 
phosphorylates Gin4 on the CDK sites to activate Gin4 kinase activity, and replacing 
S/T residues in the CDK sites with glutamic acid to mimic phosphorylation caused 
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constitutive but only partial activation of the kinase activity of Gin4-10E, explaining 
the higher levels of Gin4-10E autophosphorylation at 90 min, a time when WT Gin4 






Fig. 3.8 Mutation of the CDK sites in Gin4 affects its kinase activity. 
G1 cells expressing GFP-GIN4 (LCR44), GFP-gin4-10A (LCR45) and GFP-gin4-10E 
(LCR46) were prepared by centrifugal elutriation and released into GMM for yeast 
growth at 30°C.  Samples were collected at 90 and 150 min for IP using α-GFP 
beads.  The beads with bound Gin4 were washed with wash buffers containing 1M 
KCl to remove non-specific proteins.  The amount of Gin4 precipitated was 
normalized against the results of the α-GFP WB analysis.  Autophosphorylation of 
Gin4 was visualized with autoradiography after SDS-PAGE separation of the kinase 
reaction products.  The kinase activity is presented as a ratio of the intensity of the 






3.9 Mutation of the CDK sites on Gin4 affects its association with Sep7 
 
In S. cerevisiae, Gin4 forms a stable complex with the septins and plays a 
crucial role in regulating septin dynamics (Altman and Kellogg, 1997; Carroll et al., 
1998; Mortensen et al., 2002).  Gin4 can directly phosphorylate Shs1/Sep7, and 
Shs1 is required for Gin4-Gin4 interaction (Mortensen et al., 2002).  Furthermore, 
Gin4 associates with the septin-complex during mitosis when its kinase activity 
peaks (Carroll et al., 1998; Mortensen et al., 2002).  Since mutating the CDK sites on 
CaGin4 reduced its kinase activity as shown above, we next investigate if the 
mutations affect Gin4 association with Sep7.   
 We co-expressed Sep7-Myc in GFP-Gin4, GFP-Gin4-10A or GFP-Gin4-10E 
expressing cells, and used α-Myc beads to IP Sep7-Myc and then conducted α-GFP 
WB to detect associated Gin4.  Although all three variants of Gin4 co-precipitated 
with Sep7-Myc, the amount of Gin4-10A in the precipitate was notably less than that 
of WT Gin4 and Gin4-10E (Fig. 3.9a).  WB analysis showed that α-Myc pulled down 
comparable amounts of Sep7 in all three samples (Fig. 3.9a). The results indicate 
that the 10A mutations on Gin4 diminished the Gin4-Sep7 association.  We repeated 
the experiment using cells co-expressing Cdc12-GFP and Myc-tagged Gin4, and 
found comparable levels of Cdc12 co-IPed with the Gin4 variants (Fig. 3.9b). The 
data indicate that the effect of the 10A mutations in Gin4 is specific for Sep7, and 
support the idea that Cdc28 regulates Gin4-Sep7 interaction through 











Fig. 3.9 Mutation of the CDK sites on Gin4 affects its association with Sep7. 
(a) Log phase yeast cells of GFP-GIN4 SEP7-6Myc (LCR50), GFP-gin4-10A SEP7-
6Myc (LCR51) or GFP-gin4-10E SEP7-6Myc (LCR52) were collected for α-Myc IP 
and followed by α-GFP WB analysis. 
(b) Log phase yeast cells of 6Myc-GIN4 CDC12-GFP (LCR65), 6Myc-gin4-10A 
CDC12-GFP (LCR66) or 6Myc-gin4-10E CDC12-GFP (LCR67) were collected for α-








3.10 Mutation of the CDK sites on Gin4 affects Sep7 dynamics at the septin 
ring  
Since mutating the CDK sites on Gin4 affects its association with Sep7, we 
next went on to determine if Sep7 dynamics are affected at the bud neck.  
Fluorescence recovery after photobleaching (FRAP) analysis was conducted to 
visualize Sep7 dynamics at the bud neck.  Sep7 was tagged with GFP at the C-
terminus in strains expressing Myc-Gin4 (WT), Myc-Gin4-10A or Myc-Gin4-10E.  We 
compared septin rings at the bud neck of small budded cells (n=10) with bud 
diameter of approximately one third that of the mother cell.  The entire septin ring 
was bleached and then the fluorescence recovery was recorded at 1-min intervals 
(Fig. 3.10a).  In WT Gin4 cells, Sep7-GFP fluorescence recovered to a maximal 
intensity of ~32% of the pre-bleached level within 2-3 min (Fig. 3.10b), while in Gin4-
10A cells the fluorescence intensity only recovered to a maximum of ~10% and with 
a rate much slower than that in WT Gin4 cells.  In Gin4-10E cells, both the maximal 
level and rate of fluorescence recovery of Sep7-GFP were intermediate between that 







Fig 3.10 Mutation of the CDK sites on Gin4 affects Sep7 dynamics at the septin 
ring.  
(a) FRAP analysis of Sep7-GFP at the septin ring. Cells of WT GIN4 SEP7-GFP (LCR53), 
gin4-10A SEP7-GFP (LCR54) and gin4-10E SEP7-GFP (LCR55) were grown as yeast to 
log phase.  Cells with a small bud were selected as the starting point for FRAP analysis of 
Sep7-GFP at the bud neck.   
(b) Fluorescence intensities were measured at 1-min intervals after photobleaching.  







3.11 Gin4 CDK sites mutation results in premature dissociation of Sep7 from 
the bud neck 
 
   To further confirm the effect of mutating the CDK sites on Gin4, we 
performed time-lapse microscopy to investigate the time of Sep7 dissociation from 
the bud-neck in the GIN4 mutants.  Sep7 was tagged with mCherry and the tubulin 
Tub2 was tagged with GFP as a cell cycle marker.  The time of telophase was about 
the time when spindle elongation is first detected (Fig. 3.11a).  After the onset of 
spindle elongation, Sep7-mCherry disassociated from the bud neck at ~28 min in WT 
cells, while in Gin4-10A cells, Sep7 disassociated from the bud neck at as early as 
~10 min after the onset of spindle elongation (Fig. 3.11b).  In Gin4-10E cells, this 
process took ~22 min, intermediate between WT Gin4 and Gin4-10A cells.  This 
could be due to the failure of the glutamic mutation to fully mimic the effects of 
phosphorylation on the CDK sites because of the differences in structure between 
the phosphate and the glutamic residue and in the number of charges.  Together, 
these results indicate that Cdc28 phosphorylation on Gin4 CDK sites regulates Sep7 









Fig. 3.11 Mutation of the CDK sites on Gin4 results in premature Sep7 dissociation from 
the septin ring. 
(a) Time-lapse microscopy images of Sep7-mCherry at the bud neck. Cell-cycle progression 
was monitored with reference to spindle elongation as shown by Tub2-GFP.  Cells expressing 
WT Gin4, Sep7-mCherry and Tub2-GFP (GIN4 SEP7-mCherry TUB2-GFP: LCR68) were used 
as an example.  The interval between the time when spindle elongation was first detected and 
the time when Sep7 disappeared completely from the bud neck was measured.   
(b) Yeast cells of GIN4 SEP7-mCherry TUB2-GFP (LCR68), gin4-10A SEP7-mCherry TUB2-
GFP (LCR69) and gin4-10E SEP7-mCherry TUB2-GFP (LCR70) were grown to log phase and 
subjected to time-lapse microscopy.  Normal small-budded cells were selected for time-lapse 
recording of Sep7-mCherry and Tub2-GFP for one full cell cycle.  Images were recorded every 







3.12 Gin4-septin complex is evolutionary conserved in C. albicans 
 
Septin dynamics are regulated by phosphorylation, and in S. cerevisiae the 
septin-associated kinases Cla4 and Gin4 have been found to regulate these 
dynamics by phosphorylating Shs1/Sep7 (Dobbelaere et al., 2003; Mortensen et al., 
2002).  To investigate if Gin4 is able to directly phosphorylate Sep7 in C. albicans, 
we first determined if Gin4 directly associates with Sep7.  Since the septins are 
known to exist as a tight complex (Kaneko et al., 2004), the Gin4-septin complex 
was IP-ed from log-phase cell cultures expressing GFP-Gin4 using α-GFP beads 
and the bound proteins were washed with 1 M KCl to reduce non-specific binding.  
The purified Gin4-septin complex was separated by SDS-PAGE, and the gel stained 
with Coomassie Blue to visualize the purified proteins, which were then identified by 
mass spectrometry (Fig. 3.12).  The identified proteins include the septins Cdc3, 
Cdc10, Cdc11, Cdc12 and Sep7, the Clb2-associated protein Nap1 and the Nim1-
kinase Hsl1. Importantly, these proteins were previously reported to associate with 
Gin4 in S. cerevisiae (Altman and Kellogg, 1997; Carroll et al., 1998).   Interestingly, 
IP Gin4 in C. albicans precipitated Hof1, a protein of the actomyosin ring which 
localizes to the bud neck and is involved in cytokinesis in S. cerevisiae; but is not 
found in purified septin complexes in S. cerevisiae (Altman and Kellogg, 1997; 
Carroll et al., 1998; Kaneko et al., 2004).  The data indicate that the Gin4-septin 







Fig. 3.12 Gin4-septin complex is evolutionary conserved in C.albicans. 
Gin4–septin complexes were affinity-purified from GFP-GIN4 (LCR71) and GFP-
gin4K57A (LCR72) yeast cells using α-GFP beads.  The beads were washed with 
buffers containing 1M KCl.  The precipitated proteins were separated by SDS-
PAGE and visualized with Coomassie Blue staining. As a negative control, beads 










3.13 Gin4 phosphorylates Sep7 
 Next, an in vitro kinase assay was carried out by incubating the 
immunopurified Gin4-septin complexes with [γ-32P] ATP for 30 min at 30°C, followed 
by SDS-PAGE and autoradiography.  A very strong band corresponding to the 
molecular weight of Gin4 was detected, indicating Gin4 autophosphorylation; two 
other bands corresponding to Sep7 and Cdc11 were also detected (Fig. 3.13).  
Cdc11 phosphorylation by Gin4 has been previously reported (Sinha et al., 2007).  
To confirm that Sep7 is a substrate of Gin4, the in vitro kinase assay was repeated 
with the Gin4-septin complex purified from sep7Δ/Δ cells, and the Sep7 band was 
not detected. Upon addition of purified GFP-Sep7 to the reaction, the band 
corresponding to GFP-Sep7 was detected by autoradiography (Fig. 3.13) indicating 
that GFP-Sep7 was phosphorylated.  When the same amount of immunopurified 
GFP-Sep7 was incubated in the kinase reaction, only a very weak band possibly 
corresponding to Gin4 was detected, probably due to co-precipitated Gin4.  To 
eliminate the possibility that phosphorylation of Sep7 is by other kinases, such as 
Hsl1, which co-purified in the complex, a catalytically inactive gin4K57A allele similar to 
Scgin4K48A (Altman and Kellogg, 1997) was created and transformed into 
GIN4/gin4Δ strain to replace the copy of WT GIN4 generating a gin4K57A strain 
(gin4Δ::flp/GFP-gin4K57A-URA3).  Incubating the purified GFP-Gin4K57A-septin 
complex in the kinase reaction did not result in any detectable Sep7 band, indicating 
that Gin4 is responsible for Sep7 phosphorylation in the Gin4-septin complex (Fig. 
3.13).  Furthermore, the septin-complex purified from gin4K57A was largely intact, 
except for a decrease in the amount of Nap1, Sep7 and Hof1 (Fig. 3.12).  Indeed, 
similar observations were made in S. cerevisiae that the catalytically inactive gin4K48A 




Fig. 3.13 In vitro kinase assays of Gin4-septin complexes. 
Immunopurified Gin4-septin complexes were incubated in kinase reaction buffer 
containing [γ-32P] ATP at 30°C for 30 min.  The reaction products were separated 
by SDS-PAGE and visualized by autoradiography.   
(From left) Lane 1: Gin4-septin complexes purified from the GFP-GIN4 strain 
(LCR71) by immunoprecipitating GFP-Gin4.  Lane 2: Gin4-septin complexes were 
IP-ed from the GFP-gin4K57A (LCR72) strain.  Lane 3: GFP-Gin4-septin complexes 
were IP-ed from the GFP-GIN4 sep7∆/∆ strain (LCR80).  Lane 4: GFP-Gin4-septin 
complex and Sep7-GFP were purified from GFP-GIN4 (LCR71) and SEP7-GFP 
(LCR73) cells respectively.  Lane 5: Sep7-GFP was immunopurified from the SEP7-





3.14 Gin4 is required for septin ring assembly. 
 Previous reports in both S. cerevisiae and C. albicans showed that Gin4 is 
required to organize the septin ring (Altman and Kellogg, 1997; Mortensen et al., 
2002). To demonstrate Gin4-mediated septin ring assembly at the start of the cell 
cycle, we constructed a GIN4-shutoff strain (PMAL2-GIN4) in which one copy of GIN4 
was deleted and the other copy was placed under the control of the MAL2 promoter.  
In glucose-containing media, the MAL2 promoter is repressed and thus GIN4 is not 
expressed.  To test how well GIN4 expression can be shut off in glucose medium, 
we prepared early G1 cells by elutriation from cultures grown in maltose medium 
(GIN4 ON) and inoculated them into glucose-containing medium (GIN4 OFF) for 
further growth.  We found that the GIN4 OFF cells grew as long, branched 
pseudohyphae, a phenotype resembling that of gin4∆/Δ cells (Wightman et al., 2004), 
indicating effective shutoff of GIN4 expression (Fig. 3.14a).  To visualize septin 
assembly, Cdc12 was tagged with GFP in the PMAL2-GIN4 strain.  When grown in 
maltose medium, Cdc12-GFP localized as a ring to the bud neck in manners 
indistinguishable from that in WT cells (Fig. 3.14b).  However, after turning off GIN4 
expression by shifting the early G1 cells from maltose to glucose medium, Cdc12-
GFP could polarize to the presumptive bud site, but the septin ring failed to form and 
the bud became highly elongated, during which Cdc12 persistently localized at the 
bud tip (Fig. 3.14b).  Furthermore, several other proteins known to localize to the bud 
neck, such as the polarisome protein Spa2, the actomyosin ring protein Iqg1, and the 

















Fig. 3.14 Gin4 is required for septin ring assembly. 
A GIN4 shutdown strain (PMAL2-GIN4) (LCR43) was created to investigate the effects 
of depleting GIN4 on septin organization. (a) Cells of PMAL2-GIN4 were grown 
overnight in maltose (GIN4 ON) or glucose medium (GIN4 OFF).   
(b) Elutriated G1 yeast cells were prepared from the PMAL2-GIN4 CDC12-GFP 
(LCR56) strain cultured in maltose medium and then released for growth in either 
maltose or glucose medium at 30°C for 3 h.  
(c) G1 cells of PMAL2-GIN4 SPA2-GFP (LCR58), PMAL2-GIN4 GFP-IQG1 (LCR59), 
and PMAL2-GIN4 GFP-SEC3 (LCR57) strains were collected by elutriation and 
released for growth in media containg either maltose (GIN4 ON) or glucose (GIN4 






3.15 Gin4 associated with Cdc12 in late G1. 
Previous studies postulated that Gin4 is only able to associate with the 
septins upon its kinase activation which occurs during mitosis, suggesting that Gin4 
regulates the septins only during mitosis (Altman and Kellogg, 1997; Mortensen et al., 
2002).  This apparently contradicts our above observation of the dependence of 
septin ring assembly on Gin4. To address this issue, we determined if Gin4 
associates with the septins before mitosis.  To this end, we tagged Gin4 with 
mCherry and co-expressed it with Cdc12-GFP.  Using fluorescence microscopy, 
mCherry-Gin4 and Cdc12-GFP localization was monitored throughout the cell cycle. 
mCherry-Gin4 and Cdc12-GFP were found to colocalize at a cortical site, 
presumably the incipient bud site, before bud emergence (Fig. 3.15a, arrow 1); and 
later they colocalized at the bud neck throughout the cell cycle (Fig. 3.15a) until the 
splitting of the septin ring when mCherry-Gin4 disappeared from the bud neck (Fig. 
3.15a, arrow 2).   
 To confirm that Gin4 and the septins are able to associate before mitosis, G1 
cells co-expressing Gin4-Myc and Cdc12-GFP were prepared using centrifugal 
elutriation then released for yeast growth.  co-IP was performed using α-Myc beads 
to pull down Gin4-Myc, followed by WB analysis using both α-Myc and α-GFP.  In 
agreement with the co-localization of Gin4 and Cdc12 at late G1, Cdc12 co-
precipitated with Gin4-Myc at late G1 (~90 min) before bud emergence (Fig. 3.15b).  
Together, the data show that Gin4 is able to associate with the septins before bud 
emergence, and thus well before mitosis, suggesting that Gin4 might regulate septin 








Fig. 3.15 Gin4 associates with Cdc12 in late G1. 
(a) G1 cells were prepared from the strain mCherry-GIN4 CDC12-GFP (LCR74) and released 
for yeast growth.  Fluorescence microsopy images of mCherry-Gin4 and Cdc12-GFP 
localization in the cells at different stages of the cell cycle were taken.  Scale bar = 5 µm. 
(b) G1 cells were prepared from 6Myc–GIN4 CDC12-GFP (LCR65) and released for 
synchronous growth at 30°C. Cells were harvested at 30-min intervals for IP with α-Myc 














3.16 Gin4 has function in septin ring assembly independent of its kinase 
domain. 
 
To explore the kinase-independent functions of Gin4, we created the gin4-KΔ 
allele in which the N-terminus including the entire kinase domain (aa 1-288) was 
deleted and co-expressed it with Cdc12-GFP in the PMAL2-GIN4 strain.  To determine 
if gin4-K∆ is able to support septin ring assembly, the WT copy of GIN4 was shut-off 
in glucose medium. We found that Cdc12-GFP was able to localize to the bud neck 
under the condition where gin4-KΔ was the only source of Gin4 in the cell (Fig. 3.16, 
arrows).  However, gin4-KΔ was unable to fully rescue the GIN4 OFF phenotype, 
and the cells had moderately elongated buds and obvious cell-separation defects 
(Fig. 3.16). Nevertheless, the ability of gin4-KΔ to support septin assembly at the bud 
neck indicates that the role of Gin4 in the septin ring assembly is independent of its 









Fig. 3.16 Gin4 has function in septin ring assembly independent of its kinase 
domain. 
Cells of the PMAL2-GIN4 6Myc-gin4-K∆ CDC12-GFP (LCR75) strain were grown in 
maltose (GIN4 ON) or glucose (GIN4 OFF) media and fluorescence microscopy was 










Cell cycle progression is a tightly coordinated process that requires temporal 
and spatial control of the key events sequentially (Caydasi and Pereira, 2012; 
Enserink and Kolodner, 2010; Keaton and Lew, 2006; Lew, 2000; Mendenhall and 
Hodge, 1998; Merlini and Piatti, 2011).  In eukaryotic cells, cell cycle is controlled 
essentially by the CDKs (Enserink and Kolodner, 2010; Howell and Lew, 2012; 
Mendenhall and Hodge, 1998). Perturbations to the cytoskeleton and problems in 
DNA replication and chromosomal segregation are detected by surveillance 
mechanisms that arrest cell cycle progression and allow the problems to be rectified 
(Caydasi and Pereira, 2012; Caydasi et al., 2010; Howell and Lew, 2012; Lew, 2000).  
The septins which reside at the bud neck, between the mother and daughter cells; 
act as a suitable gantry to signal proper cell cycle progression (Gladfelter et al., 2005; 
Keaton and Lew, 2006).  Perturbation to the septin ring triggers the morphogenesis 
checkpoint which directly affects the activity of Cdc28, leading to cell cycle arrest 
(Howell and Lew, 2012; Sia et al., 1998).  The family of Nim1-related kinases, also 
termed septin-associated kinases, have been shown to be major septin regulators 
(Barral et al., 1999; Mortensen et al., 2002; Sakchaisri et al., 2004).  In this study, we 
have shown that Cdc28 is able to indirectly regulate the septins through the Nim1-
related kinase Gin4.   
 Here, we provide evidence that in C. albicans Cdc28 directly phosphorylates 
Gin4 at a cluster of CDK consensus sites to activate Gin4’s kinase activity.  Mutating 
or deleting the CDK sites on Gin4 resulted in morphological and cell separation 
defects, indicating that Cdc28 phosphorylation is crucial for Gin4’s function.  We also 
show that Sep7 is a substrate of Gin4, similar to previous reports in S. cerevisiae 
(Asano et al., 2006; Dobbelaere et al., 2003; Mortensen et al., 2002) , indicating a 
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conserved regulatory mechanism.  Furthermore, we showed that the loss of Cdc28 
phosphorylation at the CDK sites directly affects Gin4’s association with Sep7, 
leading to premature dissociation of Sep7 from the bud neck.  Regulation of 
Shs1/Sep7 has been shown to be a mechanism regulating the septin dynamics at 
the bud neck in both S. cerevisiae and C. albcians (Dobbelaere et al., 2003; 
Gonzalez-Novo et al., 2008).  Therefore, Cdc28 may regulate septin dynamics 
through phosphorylation of Gin4.  Indeed, the interaction between Gin4 and Sep7 
was found  to be specific and independent of interaction with other septins 
(Mortensen et al., 2002).  Here, we showed that association between Gin4 and 
Cdc12 was not significantly affected by mutations on the CDK sites; in contrast, 
association between Gin4 and Sep7 was decreased when the CDK sites were 
mutated in Gin4.  Furthermore, both this study and a study in S. cerevisiae showed 
that in mutants expressing a kinase-dead Gin4, CaGin4K57A and ScGin4K48A, the 
amount of Sep7 in an immunopurified Gin4-septin complex was markedly reduced, 
showing a correlation between Gin4 kinase activity and Gin4-Sep7 association.  Also, 
using FRAP we showed that the septin ring structure in gin4-10A cells is less stable 
than in WT cells.   
 In this study, we observed that the gin4K57A kinase-dead mutant and gin4-KΔ 
kinase-domain deletion mutant display relatively milder phenotypic defects than 
gin4Δ/Δ mutants, suggesting that Gin4 has functions independent of its kinase 
activity.  Similar observations were made in S. cerevisiae; Longtine et al. (1998) 
hypothesized that the non-kinase region of Gin4 might play a structural role.  Here, 
we have shown that the gin4K57A and gin4-KΔ alleles are able to support the 
assembly of the septin ring, indicating that the kinase domain or the kinase activity of 
Gin4 is not required for its function in septin ring assembly.  Indeed, Gin4 is able to 
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associate and colocalize with Cdc12 before bud emergence before its kinase 
activation.  Furthermore, we found that Gin4 kinase activity does not affect Gin4’s 
interaction with the core septins, Cdc3, Cdc10, Cdc11 and Cdc12.  Thus, the data 






Molecular dissection of C. albicans Gin4 kinase uncovers novel 
functions outside the catalytic domain. 
 The septins are a family of GTP-binding proteins first discovered in the 
budding yeast S.cerevisiae that are later found to be evolutionarily conserved; genes 
encoding septins have been found in Caenorhabditis elegans, yeast, fly, mouse and 
humans (Pan et al., 2007).  Septins have been implicated in processes such as 
cytokinesis, morphogenesis, exocytosis, mitosis, spermatogenesis, dendritic cell 
morphogenesis and also, in several checkpoint pathways (Douglas et al., 2005; 
Finger, 2005; Gladfelter et al., 2001; Keaton and Lew, 2006; Longtine and Bi, 2003; 
Longtine et al., 1996; Merlini and Piatti, 2011; Mostowy and Cossart, 2012; Oh and 
Bi, 2011; Trimble, 1999; Wang, 2009).  There are five septins in S.cerevisiae, Cdc3, 
Cdc10, Cdc11, Cdc12 and Shs1/Sep7, and together they are able to assemble into 
hetero-oligomeric complexes and further organize into higher-order structures such 
as filaments, rings, hourglass-shaped collars and gauzes (Beise and Trimble, 2011; 
Bertin and Nogales, 2012; Bertin et al., 2012; Hernandez-Rodriguez and Momany, 
2012; Trimble, 1999; Weirich et al., 2008).  In S. cerevisiae, the septin dynamics and 
organization is cell-cycle dependent (Longtine and Bi, 2003; McMurray and Thorner, 
2009; Oh and Bi, 2011; Weirich et al., 2008). Mechanisms underlying this regulation 
remain elusive.  Several proteins are postulated to regulate the septin organization 
and dynamics during cell cycle progression, including Nap1, Cla4, Gin4 and Cdc28 
(Asano et al., 2006; Barral et al., 1999; Carroll et al., 1998; Longtine et al., 1998; 
Mortensen et al., 2002; Sinha et al., 2007; Tjandra et al., 1998).   
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 The pathogenic fungus C. albicans is able to grow as at least three distinct 
morphological forms: yeast, pseudohyphae and true hyphae (Sudbery, 2011; 
Sudbery et al., 2004).  The septins have been implicated in C. albicans 
morphogenesis (Gonzalez-Novo et al., 2006; Gonzalez-Novo et al., 2008; Warenda 
and Konopka, 2002; Warenda et al., 2003).  There are orthologues of all the five S. 
cerevisiae septins in C. albicans, Cdc3, Cdc10, Cdc11, Cdc12 and Sep7 (Warenda 
and Konopka, 2002; Warenda et al., 2003), septin mutants cdc10Δ/Δ and cdc11Δ/Δ 
fail to support filamentous growth and have reduced virulence (Warenda and 
Konopka, 2002; Warenda et al., 2003).  Furthermore, direct regulation of the septin 
Cdc11 by the Nim1-related kinase Gin4 has been showed to be essential for the 
yeast-to-hyphal transition (Sinha et al., 2007).  The septin ring converts to a hyphal-
specific state upon hyphal induction which is dependent on Sep7; Sep7 is also 
essential to prevent cell separation in hyphae (Gonzalez-Novo et al., 2008).  In both 
S. cerevisiae and C. albicans, Shs1/Sep7 is a phosphoprotein and its 
phosphorylation has an important role in regulating the septin ring dynamics 
(Dobbelaere et al., 2003; Gonzalez-Novo et al., 2008). Shs1/Sep7 is a known 
substrate of Gin4 in S. cerevisiae (Mortensen et al., 2002).  Recent studies in C. 
albicans  shows that Gin4 phosphorylates Sep7 to regulate its behaviour in the 
septin ring (Li et al., 2012).   
 The Gin4 kinase belongs to a family of serine/threonine kinases called the 
Nim1-related kinases (Barral et al., 1999).  Gin4 was first isolated in a screen for 
genes that led to growth-inhibition (Growth-INhibition) when overexpressed in S. 
cerevisiae (Akada et al., 1997).  Sequence analysis of Gin4 identified an N-terminal 
kinase domain and a long C-terminal nonkinase region without any discernible 
domains, except for a predicted coiled-coil region (Okuzaki et al., 1997).  Gin4 has 
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been termed Nim1-related kinase in some literature due to high homology of its 
kinase domain to S. pombe Nim1 (Asano et al., 2006; Longtine et al., 1998; 
Mortensen et al., 2002; Wightman et al., 2004). Some other literature name it the 
MARK/PAR-1 related kinase referring to the C-terminal similarity it shares with the 
mammalian MARKs (microtubule affinity-regulating kinases) (Barral et al., 1999; 
Kusch et al., 2002; Moravcevic et al., 2010).  Despite sharing homology in its kinase 
domain with S. pombe Nim1, Gin4 is not able to phosphorylates ScSwe1, 
homologue of S. pombe Wee1 which is a substrate of SpNim1 (McMillan et al., 
1999a; McMillan et al., 1999b).  Instead, Gin4 phosphorylates the septins and 
regulates septin dynamics at the bud neck (Barral et al., 1999; Dobbelaere et al., 
2003; Li et al., 2012; Longtine et al., 1998; Mortensen et al., 2002; Sinha et al., 2007).  
 Previous studies on Gin4 have been largely focused on its kinase activity. 
However, there are several lines of evidence suggesting that Gin4 is able to regulate 
septin organization independent of its catalytic domain (Li et al., 2012; Longtine et al., 
1998; Mortensen et al., 2002). Overexpressing only the Gin4 kinase domain has no 
effects on the cells, while overexpression of the nonkinase region resulted in 
elongated bud growth with aberrant nuclear division (Longtine et al., 1998; Okuzaki 
et al., 1997).  Moreover, bud-neck localization of Gin4 is independent of its kinase 
domain or kinase activity  (Longtine et al., 1998; Okuzaki et al., 1997).  The 
importance of the nonkinase region of Gin4 is further underscored in C. albicans.  
We reported that the gin4-K∆ and the gin4K57A mutants, which are the kinase domain 
deletion and kinase-dead mutant respectively, displayed less severe phenotypic 
defects than gin4∆/∆ mutants, indicating that some key functions of Gin4 are 
provided by regions outside the kinase domain (Li et al., 2012).  Similar observations 
were reported in a S. cerevisiae strain expressing a kinase-dead Gin4 (Longtine et 
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al., 1998).  Furthermore, a ScGin4 mutant without its kinase domain is able to direct 
the localization of the formin Bnr1 to the bud neck and possibly activates Bnr1 by 
releasing its autoinhibition (Buttery et al., 2012). 
 Despite evidence that demonstrates the importance of Gin4 nonkinase region, 
the function of this region remains poorly understood.  C. albicans has two Nim1-
related kinases Gin4 and Hsl1, while S. cerevisiae  has an additional one called 
Kcc4. Possibly due to the lack of functional redundancy conferred by Kcc4 (Okuzaki 
et al., 2003), Gin4 is more essential in C. albcians than in S. cerevisiae.  Deletion of 
GIN4 in C. albicans results in severe bud elongation and cytokinesis/cell separation 
defects (Wightman et al., 2004); while in S. cerevisiae  the gin4Δ/Δ mutant displays 
only mild phenotype (Altman and Kellogg, 1997; Carroll et al., 1998; Longtine et al., 
1998).  This lack of functional redundancy in Gin4 function in C. albicans allows us to 
dissect Gin4 and identify at least three regions with distinct functions in its C-terminal 





4.1 GFP-Gin4FL is able to fully rescue the GIN4 OFF phenotype 
 To examine the effect of deleting different parts of Gin4 on its cellular function, 
we need to express each of the mutant alleles in a GIN4 null background.  However, 
the severe pseudohyphal phenotype of gin4∆/∆ mutants (Wightman et al., 2004) 
renders it difficult for transformation for further genetic studies. To remedy this 
problem, we constructed a GIN4-shutoff strain (PMAL2-GIN4 strain; gin4∆/PMAL2-GIN4), 
in which one copy of GIN4 was deleted and the other was placed under the control 
of the regulatable MAL2 promoter. When grown in the presence of glucose, such as 
in glucose minimal medium (GMM), the MAL2 promoter is repressed and thus the 
WT copy of GIN4 will not be expressed. Such GIN4 OFF cells show the same 
morphological defects as the gin4Δ/Δ mutants previously described by Wightman et 
al (2004) (Fig. 4.1b). In comparison, when glucose is replaced with maltose as the 
carbon source, the GIN4 ON cells grew normally without any discernible defects. 
This conditional GIN4 null mutant allows us to introduce a mutant GIN4 allele by 
transformation when GIN4 expression was on and then examine the function of the 
mutant allele while GIN4 expression was off. It also allows comparative study of a 
GIN4 mutant allele between GIN4 ON and GIN4 OFF states. 
We next constructed a set of plasmids to express different GIN4 alleles in the 
PMAL2-GIN4 strain. To test the applicability of the strategy described above, full-
length GIN4 (Gin4FL) was cloned into the Clp10 vector (Murad et al., 2000),  tagged 
with GFP at the N-terminus, and placed under the control of the MET3 promoter, 
yielding the plasmid pPMET3GFP-GIN4
FL (Fig. 4.1a).  The plasmid was then 
integrated into the MET3 locus in PMAL2-GIN4 cells. This construct allows switching 
on or off the introduced GIN4 allele by excluding or including methionine and 




FL were found to grow normally in GMM in which the pre-existing 
WT GIN4 was repressed while GFP-GIN4FL was expressed (Fig. 4.1d).  Moreover, 
GFP-Gin4FL exhibited normal cellular localization during yeast growth (Fig. 4.1c).  
Upon hyphal induction, the GFP-Gin4FL restores the ability of GIN4 OFF cells to form 
true hyphae indistinguishable from WT cells and GFP-Gin4FL localized to the septum 
as expected of WT Gin4 (Fig. 4.1c).  These observations indicate that GFP-Gin4FL is 
fully functional and that the strategy designed above is suitable for functional 















Fig. 4.1 GFP-GIN4FL is able to fully rescue the GIN4 OFF phenotype. 
(a) Graphical representation of the pPMET3GFP-GIN4
FL plasmid to illustrate the construction 
of the set of integration plasmids expressing different GIN4 alleles.  Each construct is 
integrated into the MET3 locus in PMAL2-GIN4 cells.  
(b) Cell morphologies of the GIN4 ON and GIN4 OFF cells.  Chitin-staining was performed 
with calcoflour white.  
(c) Introduction of the pPMET3GFP-Gin4
FL construct fully rescued the GIN4 OFF phenotype.  
(d) Repressing the expression of pPMET3GFP-Gin4
FL using cysteine and methionine revert 
GIN4 OFF cells to the pseudohyphae phenotype, indicating that GFP-Gin4FL is a functional 





4.2 The C-terminal 300 amino acids (Gin4p1051-1349) are essential for Gin4 
function  
 To conduct functional dissection of the nonkinase region of Gin4, 300-amino-
acid (aa) segments were sequentially deleted from the C-terminal end.  This yields 
three truncated versions of GIN4, namely gin4CT1Δ, gin4 CT2Δ, and gin4 CT3Δ (Fig. 4.2a).  
The truncated Gin4 proteins were tagged with GFP at the N-terminus and placed 




CT3Δ.  The 
constructs were transformed into the PMAL2-GIN4 strain for integration at the MET3 
promoter region.   
 Despite the fact that gin4CT1Δ contains the entire kinase domain and most of 
the C-terminal nonkinase region,  it failed to rescue the defects caused by switching 
off WT GIN4 (Fig. 4.2b). The gin4CT1Δ cells were viable but exhibited morphological 
defects highly resembling those of gin4Δ/Δ cells, forming severely elongated 
pseudohyphae (Fig. 4.2b).  Although constrictions could be seen along the filaments, 
septin rings failed to form at these sites (Fig. 4.2b, arrow 1) because mCherry-
tagged Cdc12 did not localize to the constrictions.  Instead, Cdc12-mCherry always 
colocalized to the tips of the pseudohyphae with GFP-Gin4CT1Δ  (Fig. 4.2b, arrow 2).  
In comparison, in GIN4 ON cells, GFP-Gin4CT1∆ colocalized with Cdc12-mCherry to 
the bud neck (Fig. 4.2b, arrow 3). This indicates that although GFP-Gin4CT1∆ alone is 
unable to support septin ring formation, it is able to localize to the bud neck where a 
septin ring had been formed in the presence of WT Gin4. Interestingly, GFP-Gin4CT1∆ 
was also found to localize as one or two distinct spots within the cell.  In some cells, 
GFP-Gin4CT1∆  was observed as a pair of spots in the mother compartment (Fig. 4.2b, 
arrow 4),  whereas in cells undergoing cytokinesis (with split septin rings), it 
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appeared as a single spot in both the mother and daughter cell (Fig. 4.2b, arrow 5; 
Fig. S4.3). This unexpected localization pattern of GFP-Gin4CT1∆ is reminiscent of 
that of spindle-pole bodies. Taken together, these observations suggest that 1) GFP-
Gin4CT1∆ is unable to support the septin ring formation at the bud neck, nor rescue 
the gin4Δ/Δ phenotype; 2) localization of GFP-Gin4CT1Δ to the bud-neck is not 
mediated by the CT1 region; and 3) GFP-Gin4CT1Δ contains the signals for bud-neck 
localization of Gin4 and its localization as distinct spots at yet undefined sites within 
the cell.  Together, these data indicate that the CT1 segment plays a crucial role in 












Fig. 4.2 GFP-Gin4CT1Δ is unable to rescue the GIN4 OFF phenotype and fail to 
organise the septin ring. 
 
(a) Schematic representation of the respective CaGIN4 truncation mutants.  The 
respective truncants were N-terminally tagged with GFP and expressed in PMAL2-GIN4 
strain.   
(b) GIN4 OFF GFP-Gin4CT1Δ (JY8) cells formed severely elongated pseudohyphae, 
indicative of cytokinesis/cell-separation defects . Arrow 1 points to a constriction without 
a septin ring; septin ring is labelled by Cdc12-mCherry.  Arrow 2 points to tip 
colocalization of GFP-Gin4CT1Δ and Cdc12-mCherry.   Arrow 3 indicates co-localization 
of GFP-Gin4CT1Δ with Cdc12-mCherry at the bud neck in GIN4 ON cells. Arrows 4 and 5 






4.3 The CT1 region of Gin4 localizes to the plasma membrane    
 To elucidate the role of CT1 in Gin4, this 300-aa region (Fig. 4.2a) was 
expressed with an N-terminal GFP tag using the strategy described above.  
Intriguingly, in GIN4 ON cells, GFP-CT1 localized to the periphery of the cell, most 
likely at the plasma membrane (PM), a pattern that has never been observed of 
GFP-Gin4FL.  This PM localization was observed in both mother and daughter 
compartments throughout the cell cycle, although much stronger association with the 
PM of small buds was observed (Fig. 4.3a). GFP-CT1 did not localize to the bud 
neck in yeast cells (Fig. 4.3a), nor to the septum in hyphal cells (Fig. 4.3b, arrow), 
despite GFP-CT1 exhibited stronger localization to tips of hyphal germ tubes. The 
PM localization of GFP-CT1 remained the same in GIN4 OFF cells (Fig. 4.3a).   
Interestingly, in GIN4 OFF cells, we often observed a septin ring at the junction 
between a new bud and its mother, indicating that CT1 can, at least partially, support 
the septin ring assembly (Fig. 4.3a, arrow).  These observations indicate that the 
CT1 region of Gin4 contains signals for interactions with the PM, and may play a 












Fig. 4.3 The CT1 region of Gin4 localizes to the plasma membrane. 
(a) CT1 localizes to the PM in yeast, pseudohyphal and hyphal cells. The arrow points to a  
septin ring in GIN4 OFF GFP-CT1 cells (JY10) .  
(b) GFP-CT1 does not co-localize with Cdc12-mCherry at the bud neck in yeast cells, nor at 
the septum in hyphal cells (arrow ).  GFP-CT1 localizes between the split septin rings in 








4.4 CT1 binds to acidic phospholipids in vitro 
 Coincidentally, a recent study in S. cerevisiae by Moravcevic et al (2010) 
identified a small C-terminal membrane-targeting domain, named kinase associated-
1 (KA1) domain, in several septin-associated kinases including Kcc4, Gin4, and Hsl1. 
The KA1 domain was shown to bind acidic phospholipids and the study showed that 
a C-terminus region of ScGin4 (aa 1007-1142) containing the KA1 domain localizes 
to the PM; deletion of this region abolished Gin4’s bud-neck localization and caused 
it to be dispersed throughout the cytoplasm (Moravcevic et al., 2010).  KA1 domain 
deleted ScGin4 (ScGin4p1007-1142∆) also failed to rescue the S. cerevisiae gin4∆ 
phenotype when overexpressed (Moravcevic et al., 2010).  Consistent with our 
results, the findings from Moravcevic et al. (2010) further reinforced the idea that the 
C-terminus of Gin4 is important for its localization and function.  
To investigate if CaGin4 CT1’s PM localization is also mediated by interaction 
with phospholipids, recombinant CT1 was expressed as a GST-fusion protein in E. 
coli.  Purified GST-CT1 was then tested for its ability to interact with a range of 
phospholipids using the PIPstrips™ (Echelon Biosciences).  Purified GST was 
included as control (Fig. 4.4a). A total of ~12.5 nM of GST-CT1 and GST were used 
in the phospholipids binding test, and the results showed that GST-CT1 is able to 
bind to acidic phospholipids.  It bound strongly to phosphoinositide (3, 4)-
biphosphate [PI(3, 4)P2], phosphoinositide 5-phosphate [PI(5)P], phosphatidic acid 
(PA) and phosphatidylserine (PS), and less strongly to phosphoinositide 3-
phosphate [PI(3)P], phosphoinositide 4-phosphate [PI(4)P] and phosphoinositide (4, 
5)-biphosphate [PI(4, 5)P2].  GST-CT1 was also able to bind weakly to 
phosphoinositide (3, 4, 5)-triphosphate [PI(3, 4, 5)P3] (Fig. 4.4b).  However, GST-
CT1 was unable to bind lysophosphatidic acid (LPA), sphingosine-1-phosphate (SIP), 
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lysophosphocholine (LPC), phosphoinositide (3, 5)-biphosphate [PI (3, 5)P2], 
phosphatidylethanolamide (PE), and phosphatidylcholine (PC).  In the control, GST 
was able to interact strongly with PA and PI(5)P, and weakly with PI(3)P,  indicating 
that the interaction of GST-CT1 with these phospholipids could be non-specific (Fig. 
4.4b). In S. cerevisiae, using surface plasmon resonance (SPR), the KA1 domain of 
Gin4 was shown to bind PA, PI(4, 5)P2 and PS (Moravcevic et al, 2010). Taken 
together, our data show that C. albicans Gin4 CT1 is able to bind to PI(3, 4)P2, 





















Fig. 4.4 CT1 binds to acidic phospholipids in vitro. 
(a) Coomassie Blue staining of SDS-PAGE gels of purified GST-CT1 and GST. A total of 
~12.5 nM of each protein was used.  
(b) Assay of the ability of purified GST-CT1 to bind a range of lipids. Purified GST was 












Table 4.4 Summary of results for Gin4 CT1 and phospholipids interaction. 
‘√’ denotes true interaction, and ‘○’ denotes possible non-specific interaction. 
 *PA was found to interact with KA-1 of ScGin4 using surface plasmon resonance 




4.5.1 CT1’s PM localization is not lost in stt4 and mss4 mutants 
 The phosphatidylinositol-4-phosphate 5-kinase Mss4 converts PI(4)P to PI(4, 
5)P2, while the phosphatidylinositol-4-kinase Stt4 generates PI(4)P. Both PI(4)P and 
PI(4, 5)P2 are present at the PM.  Recently, it was shown that a gradient of PI(4, 
5)P2 at the PM is necessary for filamentous growth in C. albicans.  Depleting MSS4 
and STT4 abolished hyphal growth upon serum induction (Vernay et al., 2012).  As 
Gin4 plays an important role in C. albicans hyphal growth and both CaGin4 CT1 and 
ScGin4 KA1 were found to localize to the PM and bind PI(4,5)P2 (Moravcevic et al., 
2010), we investigated if the role of the CT1 region of CaGin4 depends on its 
interaction with PI(4,5)P2. 
The C. albicans strain PY417 has one copy of the STT4 gene deleted and the 
other copy placed under the control of the Tet-promoter, while strain PY425 has one 
copy of the MSS4 gene deleted and the other copy placed under the control of the 
Tet-promoter (Vernay et al., 2012).  When grown in the presence of doxycycline 
(Dox), STT4 and MSS4 were repressed.  During yeast growth, repression of either 
gene caused no visible morphological defects, although the cells grew more slowly 
than WT cells.  However, upon serum induction, repressing either gene impaired 
hyphal growth (Vernay et al., 2012).  
To visualize the effect of depleting STT4 and MSS4 on CT1 localization, GFP-
CT1 was expressed in PY417 and PY425 strains.  We found that GFP-CT1 was still 
able to localize to the PM in both STT4-OFF and MSS4-OFF cells independent of 
cell cycle phases and indistinguishable from its localization in WT cells (Fig. 4.5a).  
Repression of STT4 and MSS4 was effective, because the cells failed to form 
hyphae upon serum induction (Fig. 4.5b and 4.5c). The results suggest that PI(4)P 
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and PI(4,5)P2 may only have a limited role in CT1’s PM localization.  These 
observations are consistent with that made in S. cerevisiae whereby depleting both 
PI(4)P and PI(4,5)P2 did not significantly alter the localization of  the Gin4 KA1 
domain to the PM (Moravcevic et al., 2010).  
 
4.5.2 Constitutive expression of CT1 in the stt4 mutant restores its ability to 
form hyphae upon FCS induction, but not in the mss4 mutant 
In C. albicans, depletion of STT4 or MSS4 abolished the PI(4,5)P2 gradient 
and led to defects in hyphal growth upon serum induction (Vernay et al., 2012). 
Interestingly, we found that expression of GFP-CT1 in STT4-OFF cells was able to 
fully restore hyphal growth (Fig. 4.5b).  In the absence of CT1, STT4-OFF cells could 
only grow stumpy, short protrusions upon serum induction; while in the presence of 
CT1, STT4-OFF cells produced long hyphae indistinguishable from hyphae of STT4-
ON cells (Fig. 4.5b). However, this phenomenon was not observed in MSS4-OFF 
cells (Fig. 4.5c). The results suggest that CT1 interaction with the PM may have 















Fig. 4.5 CT1’s PM localization is not lost in STT4-OFF and MSS4-OFF mutants, but 
constitutive expression of CT1 restores hyphal growth in STT4-OFF mutant. 
(a) Repressing the expression of STT4 (JY12)and MSS4 (JY13) does not affect CT1’s PM 
localization.   
(b) Constitutive expression of CT1 in STT4-OFF mutants restored its ability to form true hyphae 
upon FCS induction.  
(c) Constitutive expression of CT1 in MSS4-OFF mutants was not able to restore its ability to 




4.6 Mutating basic residues R1322, K1324, K1327 and K1343 in CT1 did not 
abolish its PM localization 
Moravcevic et al. (2010) elucidated the crystal structure of the membrane-
localizing KA1 domain in ScKcc4, and identified a number of basic residues that 
interact with acidic phospholipids at the PM (Moravcevic et al., 2010).  C. albicans 
has orthologues of ScGin4 and ScHsl1 but not ScKcc4.  Except for the highly 
conserved kinase domain, CaGin4 and CaHsl1 share lower degrees of overall 
sequence similarity with their S. cerevisiae counterparts (Wightman et al., 2004).  
Since the C-terminal region of both ScGin4 and CaGin4 was found to localize to the 
PM, we wanted to identify the shared determinants for the PM localization. We first 
tried to identify the basic residues in CT1 that are required for the PM localization.  
To this end, sequence alignment of CaGin4 CT1 with the KA1 domains of ScGin4, 
ScKcc4 and ScHsl1 was carried out.  The results reveal that the KA1 domains of the 
S. cerevisiae kinases and CaGin4 shared the highest sequence similarity in the C-
terminus (Fig. 4.6a).  In this region of ScKcc4, mutations of several pairs of basic 
residues were found to completely abolish the PM localization of the KA-1 domain 
(Moravcevic et al., 2010).  Despite the high sequence similarity of this region, the 
basic residues required for the PM localization of ScKcc4 KA-1 are not conserved in 
either ScGin4 or CaGin4. However, we identified basic residues close to the ones 
identified in ScKcc4 and other residues highly conserved among these kinases.  Two 
pairs of basic residues R1322/K1324 and K1327/K1343 were identified and all were 
replaced with serine on Gin4 CT1, generating  (GFP-CT113-16S) (Fig. 4.6b); another 
set of three basic residues K1299, K1302, and R1304 were mutated similarly, 
yielding GFP-CT19-11S. The mutant versions of CT1 were expressed in PMAL2-GIN4 
cells and their localization in GIN4 ON cells was visualized.  We found that both 
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GFP-CT19-11S and GFP-CT113-16S were able to localize to the PM in a fashion similar 
to GFP-CT1 (Fig. 4.6b), suggesting that neither set of the basic residues is required 
















Fig. 4.6 Mutating basic residues R1322, K1324, K1327 and K1343 in CT1 did not abolish its 
PM localization. 
(a) Sequence alignment of the KA1 domains of the S. cerevisiae kinases and CaGin4 CT1.  
CaGin4 share the highest similarity with the KA1 domains at the C-terminus.  Basic residues 
identified on ScKcc4 which contribute to membrane localization is highlighted in green, and the 
residues identified in CaGin4 are highlighted in yellow.   
(b) GFP localization of CT1R1322SK1324SK1327SK1343S (CT113-16S) (JY14) and CTK1299SK1302SR1304S (CT19-
11S) (JY15) in GIN4 ON cells.  Mutating the basic residues on GFP-CT19-11S and GFP-CT113-16S do 






4.7 Gin4p1151-1250 (CT1.3) is able to localize to the plasma membrane (PM) 
 The KA1 domain of ScKcc4 is a region of 100 amino acids (aa) (Moravcevic 
et al., 2010).  To define the minimal region required for PM targeting within CaGin4 
CT1, this fragment was further truncated into two fragments, CT1.1 (Gin4p1151-1349) 
and CT1.2 (Gin4p1251-1349) (Fig. 4.7a and 4.7b), which were then tagged with GFP 
and expressed in PMAL2-GIN4 cells.  Fluorescence microscopy revealed that GFP-
CT1.1 localized to the PM in GIN4 ON cells, while GFP-CT1.2 localized diffusely in 
the cytoplasm (Fig. 4.7c), indicating the region aa 1151-1349 contains the PM 
localization signal. Then, a shorter fragment encompassing aa 1511-1250 (CT1.3) 
was similarly examined and was found to localize to the PM, albeit with some 
cytoplasmic localization as well (Fig. 4.6a, blue bracket; 4.7c). The data confirmed 
that the PM-targeting region is essentially within CT1.3.  Further truncation of CT1.3 













Fig. 4.7 CT1.3 is able to localize to the PM. 
(a) Gin4 CT1 was truncated into smaller fragments as shown in the diagram.  The truncants 
were N-terminally tagged with GFP and transformed into PMAL2-GIN4 strain.  
(b) PCR amplification from the genomic DNA of the resultant CT truncation strains was 
performed, and the mutants were verified by sequencing using the primers GFPseq682-F and 
Gal4UTR100seq-R.   









4.8.1 Collective mutation of K1163, K1166, K1167, R1190, K1191, K1197 and 
K1198 in CT1.3 abolishes its PM localization 
 Next, we went on to determine whether the basic residues and some other 
highly conserved residues within CT1.3 are required for the PM localization. We 
identified seven basic residues within CT1.3, i.e. K1163, K1166, K1167, R1190, 
K1191, K1197, and K1198; and mutated these basic residues to serine.  Again, the 
mutated fragments were tagged with GFP and expressed in PMAL2-GIN4 cells. We 
found that collective mutation of the seven residues (GFP-CT1.37S) completely 
abolished the PM localization of CT1.3 and resulted in cytoplasmic localization (Fig. 
4.8a).  Intriguingly, mutating either the five basic residues (CT15S) or all the seven 
residues (CT17S) on CT1 did not affect its PM localization (Fig. 4.8a).  Thus, the 
results suggest that the seven residues examined may not be the major residues or 
the only residues in mediating CT1 interaction with the PM. The mutations might 
have abolished CT1.3’s PM localization but these changes might not be significant 
enough in the context of the entire CT1 fragment.  
 
4.8.2 Combining mutations in CT1.3 and those in CT1.2 impairs CT1’s 
localization to the PM 
 Since mutating the basic residues within CT1.2 or within CT1.3 alone did not 
affect CT1’s localization to the PM, we next asked whether combining mutations in 
these two regions would impair PM localization.  To this end, we introduced 
additional mutations on CT15S.  Adding the L1266A mutation (CT16SA) on CT15S did 
not affect the PM localization (Fig. 4.8b). However, further mutation of the set of 
three basic residues, K1299, K1302, and K1304 (CT19S) resulted in a visibly 
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diminished and punctate pattern of PM localization, together with increased 
cytoplasmic fluorescence (Fig. 4.8b).  Additional mutation of S1316 to A (CT110SA) 
did not significantly decrease the PM localization as compared to CT19S. However, 
further addition of the R1322S mutation (CT111S) to CT110SA had a significant effect, 
resulting in discontinuous association of CT111S with the PM (Fig. 4.8b).  Further 
mutation of three more basic residues, K1324S, K1327S and K1347S (CT114S) in 
CT111S led to a complete loss of PM localization (Fig. 4.8b and S4.1).  
Taken altogether, the results suggest that although CT1.3 alone is able to 
localize to the PM, CT1’s interaction with the PM seems to involve contributions from 
residues outside this 100-aa region.  In the sequence alignment of CaGin4 CT1 with 
the KA1 domains of the related S. cerevisiae kinases (Fig. 4.6a), we noticed a ~50-
aa insertion in CaGin4 CT1 (Fig. 4.6a, highlight in pink).  Thus, the KA1 domain in 
CaGin4 might encompass a larger region. Unlike the study published by Moravcevic 
et al. (2010), we did not identify pairs of basic residues that upon mutation were 
sufficient to abolish CT1’s PM localization; instead, it appears that the KA1 domain of 
CaGin4 encompass a larger region containing more basic residues that could 




















Fig. 4.8 GFP localizations of the respective CT1 basic residues mutants. 
(a) Mutating the basic residues K1163, K1166, K1167, R1190 and K1191 to serine (CT15S) 
(JY21) did not abolish the PM localization of CT1.  Additional mutations on K1197 and K1198 
to serine (CT17S) (JY22) did not abolish the PM localization of CT1 as well.  However, 
mutating all of these seven residues on CT1.3 (CT1.37S) (JY23) results in loss of CT1.3’s PM 
localization. Scale bar = 10 µm.   
(b) Additional mutations of basic residues within Gin4p1251-1349 on CT15S have additive effects 
resulting in the loss of CT1’s PM localization.  CT16S (JY24) is able to localize to the 
membrane.  Further mutation of three basic residues (CT19S) (JY25) resulted in a visibly 
diminished CT1’s PM localization. CT110S (JY26) did not significantly decreased the PM 
localization;  CT111S (JY27) resulted in punctated PM localization; and CT114S (JY28) led to a 





4.9.1 The Gin4p751-1050∆ (Gin4
CT2Δ) mutant is able to partially restore defects in 
septin organization, but not cytokinetic defects in a gin4 null background 
 Although Gin4CT1Δ  is unable to rescue any of the GIN4 OFF defects, it 
localizes to the bud neck in cells expressing WT GIN4,  suggesting that the bud-neck 
localization signal lies within aa 1-1050.  To locate this signal, we constructed a Gin4 
mutant, gin4CT2Δ, by deleting the region aa 751-1050 (Fig. 4.2a), and expressed it in 
PMAL2-GIN4 cells as described above. To visualize the integrity of the septin ring in 
these cells, Cdc12 was C-terminally tagged with mCherry. 
We found that gin4CT2Δ is able to significantly alleviate the defects in GIN4 
OFF cells (Fig.4.9a). The cells are less elongated and constrictions are sharper 
between adjacent cells in comparison to GIN4 OFF cells (Fig. 4.9a). Intriguingly, 
GFP-Gin4CT2Δ was predominantly detected within the cytoplasm (Fig. 4.9a, arrow 1).  
However, unlike in GIN4 OFF cells, whereby the septin ring fails to form, Cdc12-
mCherry was found to localize to the septum in some gin4CT2Δ GIN4 OFF cells (Fig. 
4.9a, arrows 2), suggesting assembly of perhaps partially functional septin rings. 
This provides a possible explanation for the milder defects in GIN4 OFF gin4CT2Δ 
cells.  Cdc12-mCherry also localized as a cap to the pseudohyphal tips in gin4CT2Δ 




4.9.2 Deletion of the region Gin4p751-1050 prevents Gin4 from localizing to the 
bud neck 
 
 To investigate if the failure of GFP-Gin4CT2Δ to localize to the septum is due to 
aberrant septin ring formation, GFP-Gin4CT2Δ localization was visualized in GIN4 ON 
cells.  In these cells, while Cdc12-mCherry localized normally to the bud neck (Fig. 
4.9a, arrow 4), GFP-Gin4CT2Δ was still observed predominantly in the cytoplasm 
(Fig.4.9a, arrow 5).  In log-phase GIN4 ON cells (n = 180) with Cdc12-mCherry 
localization at the bud neck, only ~18% had co-localized GFP-Gin4CT2Δ  in contrast to 
100% of GFP-Gin4FL colocalizing with Cdc12-mCherry at the bud neck in GIN4 ON 
cells  (Fig. 4.9b and S4.2).  The same observations on GFP-Gin4CT2Δ were made 
when either Sep7 or Cdc3 was tagged with mCherry (Fig. 4.9c). Therefore, the data 
indicate that the failure of GFP-Gin4CT2Δ to localize to the bud neck is not due to 
defects in the septin ring, but instead due to the deletion of CT2.  Thus, the CT2 
















Fig. 4.9 gin4CT2∆ is unable to rescue the GIN4 OFF phenotype, and deletion of CT2 
from Gin4 abolished its bud-neck localization. 
(a) GIN4 OFF gin4CT2Δ (JY31) cells grew as pseudohyphae, but have phenotype less 
severe than GIN4 OFF cells.  No GFP-Gin4CT2Δ was localized at the septum in GIN4 OFF 
cells (arrow 1). Cdc12-mCherry localized to the septum within the pseudohyphae, albeit 
only as a partial ring in some (arrow 2), and these septin rings have evident problems with 
splitting and disassembly (arrow 3). In GIN4 ON cells, Cdc12-mCherry localizes normally 
to the bud-neck (arrow 4), but GFP-Gin4CT2Δ fluorescence was still observed 
predominantly in the cytoplasm (arrow 5). Scale bar = 10 µm. 
(b) Deletion of CT2 resulted in a loss of Gin4 bud-neck localization in GIN4 ON cells.  
Only ~18% of GFP-Gin4CT2Δ co-localized with Cdc12-mCherry (JY31) as compared to 
100% of GFP-Gin4FL co-localizing with Cdc12-mCherry (JY30)  (n=180).   
(c) Similar loss of GFP-Gin4CT2Δ localization at the bud neck was observed in cells with 





4.10 CT2 localizes to the bud neck  
 We next examined GFP-CT2 localization in PMAL2-GIN4 cells. In GIN4 OFF 
conditions, the cells grew as pseudohyphae, highly reminiscent of gin4Δ/Δ cells (Fig. 
4.10a). In GIN4 ON yeast cells, upon whence GFP-CT2 was found to localize to the 
bud neck (Fig. 4.10b, arrow 1) and co-localized with Cdc12-mCherry throughout the 
cell cycle. Until the time when the septin ring split, GFP-CT2 disappeared from the 
bud neck (Fig. 4.10b, arrow 2).  Furthermore, in GIN4 ON hyphal cells, GFP-CT2 
only localized to the latest septum and not at those formed in the previous cell cycles 
(Fig. 4.10b, arrows 3 & 4). The behaviour of GFP-CT2 resembles that of WT Gin4 (Li 
et al., 2012), indicating that CT2 alone is able to localize to the bud-neck in the 
presence of WT Gin4. 
 To identify the minimum region required for bud-neck localization of Gin4, 
CT2 was truncated into two smaller fragments, GFP-CT2.1 (aa 751-950) and GFP-
CT2.2 (aa 751-850) (Fig.  4.10c) and expressed in PMAL2-GIN4 cells.  In GIN4 ON 
yeast cells, GFP-CT2.1 localized to the bud neck; however, high cytoplasmic 
fluorescence was detected as well (Fig. 4.10d).  Also, GFP-CT2.1 colocalized with 
Cdc12-mCherry (Fig. 4.10d, arrows 1 & 2).  Similar observations were made for 
GFP-CT2.2.  However, there is a markedly increase in cytoplasmic fluorescence in 
GFP-CT2.2 as compared to GFP-CT2.1, which makes it harder to visualize its bud-
neck localization (Fig. 4.10e, white arrow).  The same observations were made in 
hyphal cells.  The data suggested that the entire 300-aa region of CT2 is required for 























Fig. 4.10 CT2 localizes to the bud neck. 
(a) The bud neck cannot be visualized in GIN4 OFF CT2 cells (JY34), as they grew 
as pseudohyphal cells.   
(b) In GIN4 ON cells, GFP-CT2 localize to the bud neck.  GFP-CT2 co-localized with 
Cdc12-mCherry (JY35) throughout the cell cycle (arrow 1). After septin ring splitting, 
GFP-CT2 was no longer detected at the bud neck (arrow 2).  In hyphal cells, GFP-
CT2 only localize to the latest septum and not at the previous septin ring (arrow 3 
and 4).   
(c) Diagramatic representation of the various truncations of CT2.   
(d) In GIN4 ON cells, GFP-CT2.1 (JY37) localized to the bud neck, but with very high 
cytoplasmic fluorescence (arrow 1 and 2).   
(e) Similar observations were made for GFP-CT2.2 (JY39), and fluorescence signal 




4.11.1 CT2 localizes to the bud neck through interaction with the septin-
complex  
 Next, we examined if CT2 localizes to the bud neck through interactions with 
the septins. Cdc12 was tagged with the HFM tag at its C-terminus in PMAL2-GIN4 
cells expressing GFP-CT2, GFP-CT2.1 or GFP-CT2.2.  Under GIN4 ON conditions, 
log-phase cells were collected for the preparation of cell lysates.  GFP-CT2 and its 
truncated versions were pulled down using α-GFP-conjugated beads, and the co-
precipitation of Cdc12-HFM was detected by α-Myc WB. Surprisingly, Cdc12-HFM 
was found to co-precipitate with GFP-CT2, GFP-CT2.1 and GFP-CT2.2 at 
comparable efficiencies (Fig. 4.11a), although both GFP-CT2.1 and GFP-CT2.2 
localized predominately to the cytoplasm compared to GFP-CT2 (Fig. 4.10b, 4.10c 
and 4.10d).  One explanation could be that CT2.1 and CT2.2 can interact with the 
cytoplasmic pool of Cdc12. 
 We reasoned that if CT2 indeed interacts with the septin complex at the bud 
neck, more than one septin should be detected in the IP. Thus, we used a Cdc11 
antibody (α-Cdc11) to probe Cdc11 in the above immunoprecipitants for WB analysis.  
Although all three CT2 variants were able to co-precipitate with Cdc12, only GFP-
CT2 and GFP-CT2.1 were able to precipitate both Cdc12 and Cdc11, indicating that 
only CT2 and CT2.1, but not CT2.2, were able to interact with the septin complex 
(Fig. 4.11b).  Furthermore, the amount of Cdc11 co-precipitated with GFP-CT2 is 
markedly more than that of Cdc11 co-precipitated with GFP-CT2.1 (Fig. 4.11b). The 
data are consistent with the differing abilities of CT2 and its two truncated versions to 
localize to the bud neck. As Gin4 is known to form a tight association with the septin 
complex that can withstand washes of 1 M salt (Li et al., 2012), we went on to 
determine if the CT2 fragment is able to associate as strongly with the septin 
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complex. We found that washing the beads after IP with buffer containing 1 M NaCl 
completely abolished CT2’s interaction with the septins (Fig. 4.11b), indicating that 
CT2 alone is not able to associate as strongly as Gin4FL with the septin complex. 
 
4.11.2 CT2 is the domain that mediates bud-neck localization of Gin4 
 To confirm that CT2, but not other regions, of Gin4 mediates its interaction 
with the septin complex, Cdc12 was tagged with HFM in cells expressing GFP-
Gin4FL, GFP-CT1, GFP-CT2 or GFP-CT3.  Gin4FL and its various fragments were IP-
ed using α-GFP beads, followed by WB analysis of the precipitates using the α-Myc 
to detect Cdc12 and the α-Cdc11 to detect Cdc11.  As predicted, only GFP-Gin4FL 
and GFP-CT2 co-precipitated with both Cdc12 and Cdc11 (Fig. 4.11c).  However, 
GFP-Gin4FL associated more strongly with the septin complex than GFP-CT2, as the 
amount of Cdc12 and Cdc11 co-precipitated with GFP-Gin4FL was much more than 
that co-precipitated with GFP-CT2.  This is consistent with the above observation 
that, unlike Gin4, CT2’s association with the septin complex was unable to withstand 
washes with 1 M salt (Fig. 4.11b).  Although GFP-CT1 and GFP-CT3 co-precipitated 
Cdc12 to certain extent, the amount of Cdc12 precipitated is very much less than 
that of GFP-CT2 and GFP-Gin4FL. Moreover, the absence of Cdc11 in the 
precipitates of GFP-CT1 and GFP-CT3 suggested that the interactions between 
these variants and Cdc12 could be indirect.  Based on the data above, we conclude 
that CT2 contains signals that mediate Gin4’s interaction with the septin complex 














Fig. 4.11 CT2 interacts with the septin-complex. 
(a) Co-IP of GFP-CT2 (JY40), GFP-CT2.1 (JY41) and GFP-CT2.2 (JY42) with 
Cdc12-HFM under GIN4 ON conditions.  
(b) Co-IP of Cdc12-HFM and Cdc11 with GFP-CT2 and GFP-CT2.1 in different NaCl 
concentrations.  
(c) Co-IP of GFP-Gin4FL (JY44), GFP-CT1 (JY45), GFP-CT2 (JY40) and GFP-CT3 









CT3∆) is able to restore septin ring formation and largely 
rescue the cytokinetic defects of gin4∆/∆ 
 The results above showed that both the CT1 and CT2 regions are 
indispensable for the function of Gin4 and each region has distinct roles.  To better 
understand and to further characterize CaGin4, a mutant gin4CT3Δ was constructed 
by deleting aa 451-750 (Fig. 4.2a), tagged with GFP at the N-terminus, and 
expressed in PMAL2-GIN4 cells that co-expressed Cdc12-mCherry. 
 Under GIN4 ON yeast-growth conditions, expression of gin4CT3Δ had no effect 
on cell morphology; GFP-Gin4CT3Δ localized normally to the bud neck (Fig. 4.12a).  
Interestingly, GFP-Gin4CT3∆ was also able to localize to the PM (Fig. 4.12a).  Next, 
we repressed the expression of GIN4 to investigate the phenotype of GIN4 OFF 
gin4CT3∆ cells.  We found that majority of the cells looked rather normal with slight 
bud elongation and had moderately larger sizes than GIN4 ON gin4CT3∆ cells. Some 
filamentous cells were present but were much shorter than the pseudohyphae of 
gin4Δ/Δ cells (Fig. 4.12a).  Furthermore, in GIN4 OFF gin4CT3∆ cells Cdc12-mCherry 
localized to the bud neck as in WT cells (Fig. 4.12a, arrows 1 & 2); septin ring 
splitting occurred and most cells could complete cytokinesis successfully (Fig. 4.12a, 
arrow 3).  These observations suggested that Gin4CT3Δ is nearly a fully functional 
Gin4.  
 Next we examined if the gin4CT3Δ cells are able to form hyphae. We found that 
gin4CT3∆ cells formed true hyphae morphologically indistinguishable from GIN4 ON 
cells (Fig. 4.12b). However, we noticed that in gin4CT3Δ hyphal cells GFP-Gin4CT3Δ 
often formed diffuse bands behind the hyphal tip or irregular aggregates near the PM. 
Furthermore, Cdc12-mCherry also failed to form septin ring at the septum; instead it 
155 
 
showed similar mislocalization as GFP-Gin4CT3Δ (Fig.4.12b, arrows). These 
observations indicate abnormalities in gin4CT3∆ at the molecular level, suggesting that 
the CT3 region might have a role in other aspects of Gin4 function, which could likely 















Fig. 4.12  gin4CT3∆ restores the septin ring formation and largely rescues the 
cytokinetic defects of GIN4 OFF cells. 
 
(a) GIN4 OFF gin4CT3Δ cells (JY48) grew as rounded yeast cells with morphology 
comparable to WT cells despite having mild cell-elongation.  A proportion of gin4CT3∆ cells 
are larger than WT cells.  Majority of GIN4 OFF gin4CT3Δ cells undergo cell-separation 
(arrow 1).  Both Cdc12-mCherry and GFP-Gin4CT3Δ localize to the bud-neck (arrow 2).  
Splitting of the septin ring is able to occur (arrow 3).   
 
(b) GIN4 OFF gin4CT3∆ cells formed true hyphal cells that are morphologically 
indistinguishable from GIN4 ON hyphal cells.  However, GFP-Gin4CT3Δ often formed diffuse 
bands behind the hyphal tip or formed irregular aggregates near the PM; Cdc12-mCherry 




4.13 Deletion of CT3 from Gin4 causes premature mitotic exit 
 The mild elongation and larger sizes of the GIN4 OFF gin4CT3Δ cells are 
indicative of mitotic defects.  Indeed, DAPI staining of the nucleus frequently 
revealed two nuclear masses in the mother compartment of budded cells (Fig. 4.13a), 
indicating that nuclear division took place within the mother cell instead of across the 
bud neck as in WT cells. Even some single yeast cells were found to contain two 
nuclei, suggesting nuclear division without entering the budding cycle. This 
phenotype is reminiscent of mutants defective in the spindle position checkpoint 
(SPC) in S. cerevisiae  (Merlini and Piatti, 2011).  In particular, 96% of sep7∆ gin4∆ 
cells were shown to exit mitosis prematurely, resulting in two nuclei in the mother cell 
(Castillon et al, 2003). To investigate this abnormality more carefully, we tagged 
Tem1 with mCherry as a cell cycle marker. Tem1 is a spindle pole body (SPB)-
associated GTPase that activates the mitotic exit network (MEN) when it crosses the 
bud neck to enter the daughter compartment (Bardin et al., 2000; Jensen et al., 2002; 
Molk et al., 2004). Strikingly, in some large GIN4 OFF gin4CT3∆ cells, three to four 
Tem1-mCherry fluorescence dots were detected within a single cell (Fig. 4.13b), in 
contrast to GIN4 ON cells in which only one or two Tem1-mCherry dots were present 
in one cellular compartment, suggesting premature mitotic exit in these cells (Fig. 
4.14a).  












Fig. 4.13 Deletion of CT3 from Gin4 causes premature mitotic exit. 
(a) DAPI staining of GIN4 OFF gin4CT3∆ cells (JY47) revealed frequent occurance of 
two nuclei in one cell compartment.   
(b) GIN4 OFF gin4CT3∆ cells have aberrant number of spindle poles (JY49), with 







4.14 gin4CT3∆ cells have defects in spindle orientation with spindle elongation 
occurring in the mother cell 
 In S. cerevisiae, mitotic exit is coupled with the entry of the Tem1 GTPase into 
the daughter cell, activating the MEN pathway (Lee et al., 2001; Mah et al., 2001; 
Park and Bi, 2007; Yoshida and Toh-e, 2001; Yoshida et al., 2002).  Furthermore, 
the bud neck has been proposed to provide spatial cue for activation of mitotic exit 
(Meitinger et al., 2012; Piatti et al., 2006).  To examine spindle position and the time 
of mitotic exit more closely in gin4CT3∆ cells, we performed time-lapse microscopy to 
monitor the position and movement of Tem1-mCherry through a cell cycle.  We 
recorded the time elapsed between the time when Tem1-mCherry was first observed 
as a pair of closely positioned dots (an indication of completion of SPB duplication) 
and the time when one dot had just crossed the bud neck (an indication of mitotic 
exit activation). For a control, time-lapse images of Tem1-mCherry in GIN4 ON cells 
were also recorded.  We observed that when GIN4 was on, it took ~30-40 min (n = 8) 
for a Tem1-mCherry dot to cross the bud neck and enter the daughter cell.  In 
contrast, in gin4CT3∆ cells, this process took ~80 min (n = 10), and the spindle often 
started to elongate within the mother cell (Fig. 4.14b). In the representative GIN4 ON 
cell shown in Figure 4.14a, one Tem1-mChery had already moved into the daughter 
cell at 30 min after SPB duplication. In comparison, in the gin4CT3∆ cell (Fig.4.14b), 
the two Tem1-mCherry dots failed to align along the mother-bud axis, and they 
started to move apart from each other at 80 min after SPB duplication, indicating 
elongation of the spindle.  The spindle became fully elongated at 1 h 40 min within 
the mother cell, only until 2 h did the daughter-bound Tem1-mCherry dot finally 
crossed the bud neck.  These observations suggested that in gin4CT3∆ cells the 
spindle poles have difficulty in positioning themselves along the mother-bud axis, 
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misaligned spindle activates the spindle position checkpoint (SPC) and delays 
mitotic exit.  However, the SPC in gin4CT3∆ cells often failed to prevent spindle 
elongation within the mother cells, leading to binucleated cells. The data suggest that 
the CT3 region of Gin4 may play a role in positioning the spindle and mediating the 























Fig. 4.14 Time-lapse microscopy of GIN4 ON and GIN4 OFF gin4CT3∆ cells showed that 
gin4CT3∆ cells have spindle defects. 
The time elapsed between the time when Tem1-mCherry was first seen as a pair of closely 
positioned dots and the time when a single Tem1-mCherry crossed the bud-neck was recorded.   
(a)  A representative GIN4 ON TEM1-mCherry cell (JY50) (n=8).  








4.15 CT3 localizes as a distinct dot at the periphery of the nucleolus 
 SMART analysis (Schultz et al., 2000) did not identify any functional domains 
within the nonkinase region of CaGin4.  However, it predicted a coiled-coil region (aa 
661-700) and a few low complexity regions within CT3.  To gain insight into the 
possible role of CT3, we next examined the subcellular localization of CT3.  CT3 was 
N-terminally tagged with GFP, expressed in PMAL2-GIN4 cells, and its localization 
was examined under GIN4 ON conditions.  Interestingly, GFP-CT3 was found to 
localize as a distinct dot within the cells. Visualization of GFP-CT3 after co-staining 
with DAPI suggested that the dot appeared to be within the nucleus and associate 
with the nuclear membrane (Fig.4.15a).  Time-lapse microscopy revealed that during 
cell cycle progression, the GFP-CT3 dot split into two dots, by which one migrated 
across the bud neck and entered the daughter cell (Fig. 4.15b, arrows).  As this 
behaviour of CT3 highly resembles that of the SPBs, we examined whether GFP-
CT3 co-localizes with Tem1-mCherry. The results showed that GFP-CT3 does not 
co-localize with Tem1-mCherry (Fig.4.15c).  Next, we tagged the nucleolus marker 
Nop1 with mCherry and found that the GFP-CT3 dot localized in contact with the 
Nop1-mCherry dot (Fig. 4.15d). It appears that GFP-CT3 localizes to a specific area 





























Fig, 4.15 CT3 localizes to a distinct dot at the periphery of the nucleolus. 
(a) DAPI staining of the nucleus and localization of GFP-CT3 in GIN4 ON GFP-CT3 
cells (JY43).    
(b) Time-lapse microscopy analysis of GFP-CT3 localization during cell cycle 
progression of GIN4 ON GFP-CT3 (JY43) cells. The arrows  denote  division and 
separation of the GFP-CT3 dot.   
(c) GFP-CT3 does not colocalize with the Tem1-mCherry (JY51).   









4.16 The signal for CT3 to localize in the nucleolus resides between aa 551 and 
650, independent of a predicted NLS 
 To identify the region responsible for CT3’s nucleolus localization, we 
truncated CT3 by deleting regions of 100-aa from its C-terminal end, yielding CT3.1 
(aa 451-650) and CT3.2 (aa 451-550) (Fig. 4.16a).  We examined each fragment for 
cellular localization as described above. Despite the fact that Gin4 was never 
reported to localize in the nucleus, the PredictProtein software (Rost et al., 2004) 
predicted a nuclear localization signal (NLS, aa 676-706) present in the last 100-aa 
region of CT3 (aa 651-750).  However, upon deletion of the nuclear localization 
signal (aa 651-750∆), GFP-CT3.1 could still localize to the nucleus.  GFP-CT3.1 
retained the ability to localize in the nucleus and formed a focused sharp dot on the 
periphery of the nucleus (Fig. 4.16b).  Interestingly, GFP-CT3.2 localized in the 
nucleus in a diffuse manner instead of forming a distinct dot (Fig. 4.16b). These 
observations indicate that the region aa 551-650 harbours signals for nuclear entry 
and localization to a distinct dot in the nucleus.  We cloned the region aa 551-650 
(CT3.3), N-terminally tagged it with GFP and transformed into PMAL-GIN4 cells.  As 
expected, GFP-CT3.3 localized to the nucleus in a manner similar to GFP-CT3 (Fig. 
4.16b). Furthermore, GFP-CT3.3 localized at the periphery of the nucleolus, 
resembling GFP-CT3 localization (Fig. 4.16c).  These data indicate that CT3.2 
(Gin4p451-550) contains signal for nuclear entry, while CT3.3 (Gin4p551-650) contains 










Fig. 4.16 CT3.3 contains signal for nucleolus localization. 
(a) Diagramatic representation of the various truncations of CT3.   
(b) Cellular localization of truncated versions of CT3 tagged with GFP.  
(c) GFP-CT3.3 co-localized with Nop1-mCherry (JY56: PMAL-GIN4 GFP-CT3.3 NOP1-









 The family of Nim1-related kinases (Hsl1, Gin4 and Kcc4) are involved in a 
multitude of cellular processes and have distinct roles during the cell cycle in S. 
cerevisiae (Burton and Solomon, 2000; Carroll et al., 1998; King et al., 2012; 
Longtine et al., 1998; Okuzaki et al., 2003).  Other than sharing homology over the 
kinase domain, Hsl1, Gin4 and Kcc4 can all interact with the septins (Kozubowski et 
al., 2005; Mortensen et al., 2002; Okuzaki and Nojima, 2001; Okuzaki et al., 1997; 
Shulewitz et al., 1999), although Gin4 is the only kinase shown to play a clear role in 
septins regulation (Li et al., 2012; Mortensen et al., 2002; Sinha et al., 2007).  
Previous studies on the role of Gin4 have been largely focused on the catalytic ability 
of Gin4 kinase to phosphorylate and regulate the septins. However, we recently 
found that a mutant versions of Gin4 lacking the kinase activity or kinase domain still 
provide functions for septin ring assembly during late G1 (Li et al., 2012).  In this 
study, we characterized the nonkinase domain of Gin4 and found that the long C-
terminal nonkinase region contains several domains with distinct functions:  a 
phospholipid-binding domain (LBD), a septin-binding domain (SBD), and a domain 
that can enter the nucleus and localizes to a specific area at the periphery of the 
nucleolus (NAD, nucleolus-association domain).  
Deletion of the LBD results in failure in the assembly of septin rings at the bud 
neck.  The LBD spans a 200-aa region and is longer than the previously reported 
100-aa KA1 lipid-binding domains in the Nim1-kinases in S. cerevisiae (Moravcevic 
et al., 2010).  The SBD mediates the bud-neck localization of Gin4 through direct 
interaction with the septins.  Deletion of the SBD in Gin4 resulted in deregulation of 
the septin ring and cell separation defects.  The NAD exhibited an unexpected 
localization at the periphery of the nucleolus, a location where none of the Nim1-
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kinases in S. cerevisiae was found to localize. Importantly, deletion of the NAD 
caused defects in mitotic exit, leading to formation of binucleated cells. This novel 
localization and the resultant mitotic defects upon deletion of this NAD indicate that 
the Gin4 may play an important, but previously unknown, role in the regulation of the 






The septin-associated kinase Gin4 organizes septin assembly through its C-
terminal nonkinase domain and regulates septin dynamics through its kinase 
activity 
 Joining the likes of the main cytoskeletal components actin filaments and 
microtubules, recent evidence has revealed increasing roles for septins, a family of 
filament-forming GTP-binding proteins, in diverse cellular processes (Field and 
Kellogg, 1999; Mostowy and Cossart, 2012; Silverman-Gavrila and Silverman-
Gavrila, 2008; Trimble, 1999).  However, to date, the mechanisms for 
assembly/disassembly and organization of the septins into different structures 
remains poorly understood (Bertin et al., 2008; Kinoshita et al., 2002; McMurray and 
Thorner, 2009; Oh and Bi, 2011; Versele and Thorner, 2005).  In this study, using 
the dimorphic fungus C. albicans as a model, we have discovered that the septin-
associated kinase Gin4 plays important roles in regulating the septins through 
different mechanisms at different stages of the cell cycle. This appears to be in 
contrast to the model proposed in S. cerevisiae that Gin4 has functions in septin 
regulation only in the later stage of the cell cycle and upon its kinase activation 
during mitosis (Altman and Kellogg, 1997; Carroll et al., 1998; Mortensen et al., 
2002; Versele and Thorner, 2005).  Our studies demonstrate that the nonkinase C-
terminal region of Gin4 is crucially required for septin ring assembly in late G1 before 
bud emergence; while later upon entry into mitosis, the Gin4 kinase is activated to 
regulate the dynamics of the septin ring.  
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 In the budding yeast S. cerevisiae, septin organization and dynamics undergo 
cell-cycle dependent changes (Caviston et al., 2003; Chen et al., 2011; Dobbelaere 
et al., 2003; McMurray and Thorner, 2009; Oh and Bi, 2011; Weirich et al., 2008).  At 
START, the activation of Cdc42 recruits septins to the presumptive bud site to form a 
ring structure that marks the position of the bud neck and the site of cytokinesis at 
the end of the cell cycle (Bi and Park, 2012; Chen et al., 2011).  In S.cerevisiae, 
septins are able to assemble into octameric rods in the order of Cdc11-Cdc12-Cdc3-
Cdc10-Cdc10-Cdc3-Cdc12-Cdc11 (Bertin et al., 2008).  It has been suggested that 
under certain conditions Shs1/Sep7 can replace Cdc11 in the octamer and form 
septin filaments of different properties (Bertin et al., 2008; Garcia  3rd et al., 2011; 
Hernandez-Rodriguez and Momany, 2012).  Earlier gene deletion studies showed 
that the septin Shs1/Sep7 is nonessential and its deletion does not result in 
significantly abnormal cells (Bertin et al., 2008; Lee et al., 2002; Mino et al., 1998). 
However, later studies reported that Shs1/Sep7 is able to confer plasticity in septin 
assembly in cdc10Δ and cdc11Δ mutants (Frazier et al., 1998; Garcia  3rd et al., 
2011; Hernandez-Rodriguez and Momany, 2012; McMurray and Thorner, 2009).  
Furthermore, recent evidence has shown that among all septin isoforms Shs1/Sep7 
is most heavily modified post-translationally, suggesting that modifications on 
Shs1/Sep7 may directly determine the ability of the septins to assemble into higher-





5.1 Cdc28 regulates septin dynamics through phosphorylating Gin4 
 Shs1/Sep7 is a known substrate of the septin-associated kinase Gin4 in S. 
cerevisiae (Asano et al., 2006; Dobbelaere et al., 2003; Mortensen et al., 2002). In 
this study, we showed that C. albicans Sep7 is a substrate of Gin4 as well, indicating 
functional conservation in septin regulation.  Furthermore, we demonstrated that 
Gin4 directly phosphorylates Sep7 and regulates Gin4-Sep7 association at the bud 
neck. This regulation is cell-cycle dependent and is achieved, at least partly, through 
direct Cdc28 phosphorylation of Gin4.  We observed that the Gin4-10A mutant, 
which is unphosphorylatable at the CDK sites, had low kinase activity and co-
precipitated with Sep7 at markedly decreased levels. Moreover, the kinase-dead 
Gin4K57A protein could barely pull down a detectable level of Sep7 in the septin 
complex, while the amounts of other septins were unaffected.  Similar observations 
were made in S. cerevisiae in which the Gin4-Sep7 interaction was not detected in 
kinase-dead gin4K48A mutants (Mortensen et al., 2002).  In agreement with our 
observations that the Gin4-Sep7 interaction is independent of Gin4’s interaction with 
other septins, ScSep7 has also been shown to interact with Gin4 in the absence of 
Gin4-Cdc11 interaction (Mortensen et al., 2002).  Our data above suggest a model in 
which the specific Gin4-Sep7 interaction might mediate the regulation of the septins 
by Cdc28. Indeed, using FRAP we showed that the septin ring is less stable in gin4-
10A cells than in WT cells.  In summary, here we provide strong evidence that 
Cdc28 regulates the septin ring through the phosphorylation of Gin4, which in turn 





5.2 The Gin4 nonkinase region is required for septin ring formation in late G1 
 Previous studies of ScGin4 have been mainly centered on its kinase activity in 
mitosis (Altman and Kellogg, 1997; Asano et al., 2006; Mortensen et al., 2002), 
although there has been observations suggesting a possible role for Gin4 in G1 
(Benton et al., 1997; Longtine et al., 1998).  For example, deletion of GIN4 together 
with CLN1 and CLN2 was found to confer synthetic lethality (Benton et al., 1997) . 
Also ScGin4 was observed to colocalize with the septins before bud emergence and 
gin4∆/∆  cells exhibited abnormal septin organization in cells with a tiny bud (Benton 
et al., 1993; Longtine et al., 1998).  In C. albicans, deletion of GIN4 was reported to 
impair septin organization (Wightman et al., 2004). Here, we demonstrate that Gin4 
and Cdc12 are able to colocalize and co-precipitate before bud emergence, 
supporting a role for Gin4 in septin ring assembly at late G1.  Longtine et al (1998) 
hypothesized that the nonkinase region of Gin4 might play a structural role in septin 
organization. In agreement with this hypothesis, we observed that the kinase-dead 
gin4K57A and kinase-domain deleted gin4-KΔ mutants exhibited significantly milder 
phenotypic defects than the gin4Δ/Δ strains and were able to assemble the septin 
ring at the bud neck (Li et al., 2012).  These observations indicate that regions 
outside the kinase domain of Gin4 play important roles in the assembly of the septin 
ring at the end of G1, leading us to carry out dissection and functional 
characterization of the nonkinase region of Gin4 in C. albicans. 
 In C. albicans, gin4Δ/Δ cells exhibit severe morphological and cytokinetic 
defects (Li et al., 2012; Wightman et al., 2004), making further genetic manipulations 
difficult.  Therefore, we constructed a regulatable GIN4-shutoff strain, which allows 
us to introduce and express a GIN4 mutant allele or a segment of the gene while 
GIN4 is expressed (GIN4 ON) and study its function under either GIN4 ON or GIN4 
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OFF conditions. By systematic molecular dissection of the nonkinase region of GIN4, 
we uncovered at least three distinct domains.  We found that a C-terminal 200-amino 
acid region of Gin4 contains a phospholipid-binding domain (LBD).  When expressed 
alone, the LBD localizes to the PM. Purified recombinant LBD binds a number of 
phospholipids in vitro. We obtained evidence that the interaction is mediated by 
multiple basic residues in the domain. Mutating these basic residues abolished 
LBD’s PM localization.  Furthermore, deleting the LBD alone causes defects similar 
to switching off the gene (GIN4 OFF); and ectopic expression of the LBD in GIN4 
OFF cells can partially support septin ring formation.  Taken together, the data 
indicate that the LBD is essential for Gin4 function.  Interestingly, constitutive 
expression of the LBD in a mutant in which the expression of the phosphoinositide-4-
kinase STT4 was depleted can bypass the need for Stt4 in hyphal formation, while 
similar expression of the LBD in cells depleted of the phosphosinositide-4-phosphate 
5 kinase Mss4 failed to restore hyphal growth. In the mutants we used, repressing 
STT4 expression does not significantly alter the cellular concentrations of PI(4,5)P2, 
while depleting MSS4 causes a drastic decrease in cytoplasmic PI(4,5)P2 (Vernay et 
al., 2012).  Therefore, we hypothesize that LBD’s PM localization and ability to bind 
phospholipids can somehow compensate for the loss of Stt4 by allowing PI(4,5)P2 to 
accumulate to the PM, creating conditions required for polarity establishment and 
maintenance during hyphal growth. Badrane et al (2012) previously suggested that 
Gin4 functions in a network involving PI(4,5)P2 and the septins in the regulation of 
cell wall integrity (Badrane et al., 2012). 
 A second functional domain we have identified is the septin-binding domain 
(SBD) from aa 751 to 1050. The SBD is required for Gin4 to localize to the bud neck, 
and can localize to the bud neck in cells with a functional septin ring in manners 
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similar to WT Gin4.  Our results also indicate that the bud-neck localization of Gin4 is 
mediated by direct interaction of the SBD with the septins, because both SBD and 
Gin4 coprecipitate with the septins, whereas the Gin4 mutant without the SBD does 
not.  The SBD-septin interaction is entirely independent of Gin4 kinase activity and 
septin complex formation, consistent with the detected Gin4-septin association well 
before visible septin ring formation and bud emergence.  Deletion of the SBD results 
in Gin4 mislocalization to the cytoplasm and a significant loss of its ability to rescue 
the GIN4OFF phenotype, although the septin ring can partially form at the septum.   
 Here, we propose a possible mechanism for CaGin4’s nonkinase functions in 
septin assembly in late G1 (Fig. 5b).  Gin4 molecules exist in a kinase-inactive state 
in the cytoplasm in later stages of G1 and are able to interact with the cytoplasmic 
pool of septin monomers or oligomers to form Gin4-septin complexes (Gin4-
septincytoplasm) through the SBD.  This interaction is essential for the assembly of the 
septins into higher-order structures required for septin ring formation at the 
presumptive bud site. Upon cell polarization, the cytoplasmic Gin4-septin complexes 
are recruited to the incipient bud site to assemble into polymeric filaments. Such 
structural reorganization may expose the LBD at the C-terminal end of Gin4, which 
may play a role in selectively recruiting certain types of phospholipids, such as 
PI(4,5)P2, to the site of bud formation. As PI(4,5)P2 binding has been shown to 
promote septin assembly (Bertin et al., 2010), the concentration of phospholipids at 
the presumptive bud site may help the septins to assemble into the septin ring.  An 
alternative hypothesis is that the LBD of Gin4 mediates Sep7 association with the 
core septin complex.  In vitro septin reconstitution using purified yeast septins 
showed that the presence of Shs1/Sep7 in the septin complex is required for septin 
ring assembly as opposed to the formation of septin filaments (Garcia  3rd et al., 
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2011).  Upon entry into mitosis, Cdc28 activates Gin4 kinase activity at the bud neck, 
and the activated kinase then controls septin dynamics through the regulation of 
Sep7 (Fig. 5c). 
5.3 Gin4 may play a direct role in the mitotic exit network (MEN) 
 An unexpected discovery of this study is the nucleolus localization domain 
(NAD) of Gin4 that mediates localization to a specific area on the periphery of the 
nucleolus. This domain is located between aa 451 and 750, a region closely 
downstream of the kinase domain and containing several perfect CDK 
phosphorylation motifs. Our results indicate that the NAD is not required for septin 
ring assembly, because deleting this domain results in mild defects:  the septin ring 
assembles normally at the bud neck and splits at cytokinesis.  One abnormality that 
we observed in the localization of GFP-Gin4NADΔ (called GFP-Gin4CT3Δ earlier) is its 
persistent localization with the split septin ring after cytokinesis (Fig. S5, arrows), in 
contrast to WT Gin4 that disappears from the bud neck once the septin ring has split 
(Li et al., 2012).  Moreover, in the gin4NAD∆ mutant we noticed frequent premature 
spindle elongation in the mother compartment and the formation of binucleate cells, 
suggesting defects in spindle alignment and/or the spindle position checkpoint 
(SPC).  Although the underlying molecular mechanisms remain to be determined, 
the specific localization of the NAD in the nucleolus inspires exciting possibilities.  
Cdc14, the effector of the MEN pathway, is sequestered in the nucleolus throughout 
most of the cell cycle and is only released when the MEN is activated, promoting 
mitotic exit (Clemente-Blanco et al., 2006; Stegmeier and Amon, 2004) . Although 
we have not been able to detect WT Gin4 localizing to the nucleolus, a truncated 
version of Gin4 lacking the LBD (gin4CT1∆) exhibited the nucleolus localization like 
the NAD domain (Fig. S4.3), the observation suggests that Gin4 might play a 
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previously unknown role in the nucleolus to regulate the MEN. Alternatively, the 
regulation may occur at the bud neck where Cdc14 transiently co-localizes with Gin4 
at the end of the cell cycle. In support of both models, our preliminary results have 
detected co-IP of Cdc14 with both the NAD and full length Gin4. In S. cerevisiae, the 
bud neck has been suggested to act as a spatial cue to signal proper spindle 
positioning (Caydasi et al., 2010; Fraschini et al., 2008; Merlini and Piatti, 2011).  
And Gin4 together with Hsl1 and/or Elm1 were previously shown to be required for 
enhancing microtubule shrinkage at and for the asymmetric recruitment of dynein  to 
the bud neck, events important for spindle orientation and movement (Grava et al., 
2006; Kusch et al., 2002); also, gin4∆ sep7∆ cells have defective SPC (Castillon et 
al., 2003).  Taken together, these findings suggest that Gin4 has a previously 
unappreciated role in coupling cell cycle progression to mitotic exit.   























Fig. 5  The nonkinse region of Gin4 functions in septin assembly, while the 
kinase activity of Gin4 regulates septin dynamics at the bud-neck. 
(a) Cdc28 regulates the septin ring dynamics through the phoshorylation of Gin4, 
which in turn regulates the Gin4-Sep7 association at the bud neck.  
(b) Proposed mechanism for septin assembly by Gin4 nonkinase region.  i) - ii) Upon 
its expression in late G1, Gin4 is able to interact via its LBD with the cytoplasmic 
pool of septin monomers or oligomers. iii) Upon polarization, the septin is recruited to 
the presumptive bud site where septin polymerization occurs. The conformational 
change would expose the C-terminal LBD, which recruits and leads to a localized 
concentration of phospholipids, including PI(4, 5)P2, at the presumptive bud site. iv) 
With the aid of Gin4 nonkinase region and high local concentration of PI(4,5)P2, the 
septins assemble into a ring at the presumptive bud site.  
(c) Gin4 nonkinase region aids in septin assembly during late G1; upon mitotic entry, 
Gin4 kinase activity regulate the septin ring dynamics at the bud neck. 
(d) The C. albicans Gin4 nonkinase region contains at least three distinct domains : 
a phospholipids-binding domain, a septin-binding domain and a domain containing 
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Fig. S4.1 Purified GST-CT114S is unable to bind to most PM phospholipids. 
Purified GST-CT114S was used to for phospholipids interaction assay with 
PIPstrips; GST-CT114S is unable to bind all, but one, phospholipds that GST-












Fig. S4.3 The GFP-Gin4CT1∆ spots within the cells localize on the nucelolus. 
GFP-Gin4CT1∆ spots within the cell localize with Nop1-mCherry in a similar 




Fig. S5.2 GFP-Gin4CT3∆ persists at the split septin ring. 
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